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EXECUTIVE  SUMMARY 


A.  OBJECnVES 

Oak  Ridge  National  Laboratory  (ORNL)  was  contracted  by  the  Air  Force  Engineering  and 
Services  Center  (AFESC)  to  field  test  the  feasibility  of  using  in  situ  soil  venting  to  remove  organic 
contaminants  from  unsaturatcd  soils.  The  objectives  of  this  demonstration  project  were  to  determine 
the  cleanup  efficiencies  attainable  using  in  situ  soil  venting  for  remediation  of  fuel-contaminated  sites 
and  to  define  operating,  cost,  and  system  design  parameters  for  application  of  soil  venting  at  other 
Air  Force  sites.  The  data  collected  were  to  be  used  in  the  study  of  factors  controlling  venting 
effectiveness. 

B.  BACKGROUND 

Over  4,000  Air  Force  sites  are  known  or  suspected  to  have  contaminated  groundwater  and  soil. 
The  most  common  contaminants  are  fuels  and  chlorinated  solvents.  Since  many  of  these 
contaminants  are  volatile  or  have  volatile  components,  a  relatively  inexpensive  and  effective  method 
for  the  cleanup  of  these  sites  is  in  situ  soil  venting,  also  referred  to  as  in  situ  air  stripping,  soil  vapor 
extraction,  and  vacuum  extraction.  In  this  technique,  large  volumes  of  air  are  passed  through 
contaminated  soil  zones.  This  results  in  volatilization  of  the  contaminants  and  subsequent  removal 
in  the  gas  stream. 

The  site  selected  for  the  in  situ  soil  venting  demonstration  was  a  fuel  storage  area  at  Hill  AFB, 
Utah,  where  27,000  gallons  (102,000  liters)  of  JP-4  were  spilled  by  the  overfilling  of  an  underground 
storage  tank  in  January  1985.  This  site  was  selected  because  of  several  favorable  characteristics, 
including  nearly  ideal  gcohydrology,  significant  JP-4  contamination  in  the  soil,  logistical  support,  and 
the  opportunity  to  undertake  tests  of  different  venting  configurations. 

C  SCOPE 

This  report  is  part  of  a  technical  effort  comprised  of  three  main  tasks:  (1)  review  of  the 
literature  and  assessment  of  the  technology,  (2)  preparation  of  a  guidance  manual  for  application  of 
soil  venting  at  other  Air  Force  sites,  and  (.1)  demonstration  and  analysis  of  full-scale  venting.  The 
results  of  the  first  two  tasks  arc  presented  in  AFESC  ESL  TR  90-21  Vol.  I  and  ESL  TR  90-21  Vol 
11,  respectively.  The  scope  of  the  full-scale  demonstration  activities  described  in  this  report  include 
site  selection,  site  characterization,  pilot  studies,  full-scale  system  design  and  construction,  test 
operation,  and  post-operation  site  characterization. 

D.  METHODOLOGY 

Site  characterization  activities  included  testing  to  determine  both  soil  properties  and  contaminant 
distribution.  Stratigraphy  and  soil  types  were  aetermined  by  continuous  logging  and  sampling  of 
64  boreholes.  Soil  moisture  was  determined  by  analysis  of  intact  cores  and  by  in  situ  measurement 
utilizing  neutron  absorption.  Bulk  density  and  porosity  measurements  were  made  on  core  samples. 
Contaminant  areal  distribution  was  determined  by  soil  gas  analysis.  Three-dimensional  contaminant 
distribution,  both  in  terms  of  total  hydrocarbon  concentration  and  hydrocarbon  composition,  was 
measured  by  extraction  and  gas  chromatographic  analysis  of  intact  soil  core  samples. 

iii 


Pilot  studies  were  used  to  determine  site-specific  parameters  needed  in  the  design  of  the  full- 
scale  s>'stcrn.  Tests  conducted  included  limited  bench  testing,  development  and  application  of  an  in 
situ  air  permeability  procedure,  a  single  vent  pilot  test,  and  flow  modelling  for  the  purpose  of 
determining  vent  spacings. 

The  full-scale  system  was  designed  and  operated  to  provide  information  regarding  factors 
controlling  hydrocarbon  removal  by  volatilization  and  by  biodegradation.  Throughout  the  operations, 
the  hydrocarbon  concentration  and  composition  and  oxygen  and  carbon  dioxide  levels  in  the  extracted 
gas  were  measured,  as  well  as  temperatures  and  pressures  throughout  the  system  and  extraction  and 
inlet  gas  flow  rates. 

E.  TEST  DESCRIPTION 

The  full-scale  venting  system  consisted  of  three  subsystems:  (1)  an  array  of  15  vertical  vents  and 
31  pressure  monitoring  wells  in  the  area  west  of  the  spill  source,  (2)  a  set  of  six  lateral  vents  and  30 
pressure  monitoring  probes  installed  under  a  new  concrete  pad  and  dike  constructed  for  the  tanks 
after  the  spill,  and  (3)  a  set  of  lateral  vents  in  the  pile  of  soil  retained  after  excavation  of  the  tanks. 
TTiis  design  included  features  that  permitted  evaluation  of  several  factors  affecting  contaminant 
transport  and  subsurface  airflow. 

A  common  blower/emissions  control  system  was  installed  for  inducing  airflow  from  the  three  vent 
arrays  and  for  treating  emissions  as  necessary  to  meet  regulatory  requirements  of  the  state  of  Utah. 
Two  rotary-lobe  blowers  provided  the  capability  for  extraction  of  up  to  15C0  standard  cubic  feet  per 
minute  (scfm)  [43  standard  cubic  meters  per  minute  (semm)]  of  gas  from  the  three  vent  systems  at 
vacuum  levels  up  to  approximately  100  inches  of  water  (25,000  Pascals).  In  order  to  protect  again' t 
potential  hazards  presented  by  combustible  gas  mixtures,  flame  arrestors  were  installed  at  the  inlet 
to  each  blower.  The  blowers  were  controlled  by  an  automatic  shutdown  system  based  on  the  output 
from  a  combustible  gas  detector.  Two  catalytic  oxidation  units  were  used  for  conversion  of  the  jet 
fuel  hydrocarbons  to  carbon  dioxide  and  water  before  discharge  into  the  atmosphere.  The  propane- 
fired  units  differed  in  the  configuration  of  their  catalyst  beds;  one  had  a  fluidized-bed  design  and  the 
other  a  fixed-bed  design.  The  units  were  evaluated  in  terms  of  economics  and  reliability,  as  well  as 
hydrocarbon  destruction  efficiency.  A  vapor/liquid  separator,  flowmeters,  and  gas  monitors  were  also 
included  in  the  system. 

Operation  of  the  system  fell  into  five  distinct  modes.  (1)  the  initial  period  of  manned  operation 
during  which  dilution  of  the  high  concentration  soil  gas  was  necessary,  (2)  three  shutdown  periods 
of  one  to  three  weeks  for  the  monitoring  of  subsurface  biological  activity,  (3)  operation  of  different 
vent  configurations  for  the  measurement  of  pressure  and  flow  fields  induced  by  different  venting 
strategies,  (4)  long-term  unmanned  system  operation,  and  (5)  a  period  of  operation  including  injection 
of  hot  exhaust  gas  from  the  catalytic  oxidation  units  for  evaluation  of  removal  enhancement  by 
heating. 

F.  RESULTS 

Site  characterization  before  system  operation  indicated  that  the  soil  generally  cons'sted  of 
unconsolidated  to  weakly  consolidated  sand,  with  thin  lenses  of  clay.  Air  permeability  measurements 
ranged  from  3  x  10  to  6  x  10  “  square  meters  (m‘).  Moisture  content  was  generally  3  to  7  weight 
percent,  with  higher  values  (10  to  25  weight  percent)  associated  with  clay  lenses.  Moisture  levels 
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remained  essentially  unchanged  throughout  the  demonstration  period.  The  hydrocarbon 
contamination  was  limited  to  a  soil  zone  of  approximately  120  ft  x  129  ft  x  50  ft  (37  meters  x  37 
meters  x  15  meters  deep).  Total  hydrocarbon  soil  concentration  measurements  ranged  from  below 
detection  [20  milligrams/'kilogram  (mg4g)]  to  6400  mg-'lcg.  A  calculation  of  total  hydrocarbon  mass 
present  in  the  soil  prior  to  venting  yielded  an  estimate  of  39,300  pounds  (17,8(X)  kg). 

The  ORNL  operation  of  the  Hill  AFB  full-scale  in  situ  soil  venting  system  began  in 
December  1988.  Between  16  December  1988  and  9  October  1989,  a  total  of  105. 0(X)  pounds 
(47,600  kg)  of  hydrocarbons  was  extracted  in  167  million  standard  cubic  feet  (.scf)  (4.8  million 
standard  cubic  meters)  of  soil  gas.  During  this  pt.iod  the  extracted  soil  gas  concentrations  decreased 
from  an  initial  level  of  approximately  45.000  parts-per-million-by-volume  (ppmv)  hexane  equivalent 
to  a  final  concentration  of  350  ppmv.  The  final  average  concentration  of  the  gas  from  the  vertical 
vents  alone  was  157  ppmv. 

The  behavior  of  the  hydrocarbon  concentration  as  measured  in  the  extracted  cas.  and  thus  the 
removal  rate,  was  characteristic  of  soil  venting  operations,  with  a  rapid  decrease  in  concentration  from 
initially  high  hydrocarbon  levels,  followed  by  an  extended  period  with  a  much  more  slowiv  decreasinc 
removal  rate.  The  composition  of  the  hydrocarbons  in  the  extracted  gas  shifted  from  lighter,  more 
volatile  compounds  to  heavier,  less  volatile  compounds  in  concert  with  the  concentration  decrease. 
An  equilibrium  model  based  on  Raoult's  Law  was  found  to  be  in  gcxtd  agreement  with  the 
hydrocarbon  concentration  and  composition  results,  indicating  that  mass  transfer  limitations  were 
insignificant  during  most  of  the  venting  period. 

A  potentially  significant  means  of  hydrocarbon  removal  due  to  in  siiii  soil  venting  is  enhanced 
biodegradation.  The  increased  oxygen  levels  in  the  .soil  gas  due  to  infiltration  of  aimo.spheric  air  mav 
stimulate  biological  activity.  Results  of  carbon  dioxide  and  oxygen  measurements  of  the  extrticted  gas 
indicated  that  initially  high  carbon  dioxide  and  low  oxygen  Ics’els  in  the  stjil  were  altered  by  venting. 
Although  carbon  dioxide  levels  decrca.scd  and  o,xygen  levels  increased  during  operation,  carbon 
dioxide  levels  remained  an  order  of  magnitude  higher  than  background,  indicating  that  significtint 
biodegradation  was  occurring.  Other  tests,  including  microbial  characterization,  i.sotopic  analvses, 
bench  studies,  and  measurements  of  oxygen  uptake  and  carbon  dioxide  generation  during  shutdown 
tests  were  conducted  by  Batelle-Columbus  Laboratories  and  provided  further  evidence  of  hydrocarbon 
biodegradation.  Integration  of  the  difference  between  extracted  soil  gas  and  atmospheric  carbon 
dioxide  and  oxygen  levels  indicated  that  bioactivity  contributed  about  15  percent  of  the  total 
hydrocarbon  removal  during  the  first  four  months  of  the  demonstration.  An  estimated  total  of  16.000 
pounds  (7.300  kg)  of  hydrocarbons  were  converted  by  biodegradatiem  over  the  course  of  the 
demonstration. 

Catalytic  oxidation  wa.s  demonstrated  to  be  an  attractive  means  of  emissions  control  for  .soil 
venting  systems.  Both  units  tested  yielded  adequate  hydrocarbon  destruction  when  operated  at 
appropriate  conditions.  Al.so,  both  units  provided  nearly  trouble-free,  unmanned  operation.  The 
units  differed  somewhat  in  economics  of  operation,  the  fi.xed-bed  design  being  less  expensive  due  to 
lower  temperatures  required  for  adequate  conversion. 

The  heat  injection  test  involved  c.xtraction  of  a  total  fiow  rate  of  650  scfm  [0.31  cubic  meters  per 
second  (mYsccond)]  from  two  vents  placed  on  opposite  sides  of  a  healed  air  inlet  vent  each  at  a 
distance  of  6.1  meters.  The  inlet  gas  was  at  a  temperature  of  200-2 1 2°  F  (93- 100°  C)  and  a  How  rate 
of  about  93  scfm  (0.044  mVsecond).  Alter  seven  weeks  of  operation,  measured  temperature  increases 
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ranged  from  25°F  (13.9°C)  at  a  distance  of  1.5  meters  from  the  injection  vent  to  5°F  (2.8^C)  in  the 
extracted  gas.  An  increase  in  the  extracted  gas  hydrocarbon  concentration  qualitatively  corresponded 
with  the  arrival  of  the  soil  temperature  front  at  the  extraction  vents.  Hydrocarbon  removal  from  the 
system  as  a  whole  during  the  test  period  was  increased  by  about  9  percent  due  to  heating,  while 
removal  was  enhanced  by  60  percent  within  the  heated  zone.  L'mited  economic  projections  indicate 
that  the  strategy  may  be  advantageous  provided  that  heat  can  be  more  evenly  distributed  throughout 
contaminated  soil  zones. 

Post-operation  soil  sampling  resulted  in  measurements  of  total  hydrocarbon  concentrations 
ranging  from  nondetectable  (less  than  20  mg^Tcg)  to  a  maximum  of  42'i  mg/kg.  Only  9  analyses  out 
of  124  exceeded  KX)  mgkg,  the  action  level  in  several  states.  Hydrocarbon  removal  performance  as 
calculated  by  comparison  of  pre-  and  post-operation  characterization  was  94.8  percent  for  the  vertical 
vent  system  and  95.5  percent  for  the  pile.  The  zone  beneath  the  tanks  was  not  sampled  after 
operation.  The  paired  pre-  and  post-operation  soil  samples  showed  no  effect  of  clay  or  moisture 
content  on  removal  at  this  site.  Shallower  soil  zones  were  treated  as  well  or  better  than  deeper  soil 
zones,  and  soil  zones  \uih  higher  gas  flows  exhibited  greater  hydrocarbon  removal.  Soil  gas  levels, 
as  measured  by  extraction  of  equilibrated  soil  gas  from  each  vent,  corresponded  reasonably  well  with 
soil  concentration  and  provided  a  sensitive,  rapid,  and  inexpensive  method  of  determining  relative 
areal  contamination  and  the  extent  of  cleanup. 

G.  CONCLUSIONS 

This  study  demonstrated  that  in  situ  soil  venting  is  an  efiective  technique  for  the  remediation 
of  jet  fuel  spill  sites  in  sandy  soils.  The  experience  gained  during  this  test  has  provided  additional 
information  and  insight  into  the  applicability  and  factors  controlling  soil  venting  systems.  Several 
major  points  are  discussed  in  the  following  paragraphs. 

Pilot  testing  proved  extremely  valuable  for  implementation  of  the  full-scale  system.  In  situ 
permeability  tests  proved  to  be  a  useful  method  for  quick  and  inexpensive,  but  accurate, 
determination  of  air  permeability  at  various  points  in  the  soil.  A  single-vent  pilot  test  allowed 
measurement  of  expected  extracted  gas  hydrocarbon  concentrations  as  well  as  site  data  regarding  the 
effect  of  soil  conditions  upon  vacuum  requirements  and  flow  distribution.  Future  pilot  tests  should 
be  operated  for  longer  periods  and  include  a  shutdown,  equilibration,  and  restart  for  determination 
of  the  importance  of  diffusion  upon  removal  under  the  site  conditions.  Bench-scale  testing  did  not 
prove  to  be  a  useful  extrapolation  technique  for  prediction  of  full-scale  remediation;  however,  bench- 
scale  tests  are  urged  for  determination  of  empirical  site-specific  relations  between  soil  contaminant 
concentration  and  equilibrated  gas  concentration. 

This  demonstration  sherwed  soil  venting  to  be  very  effective  for  JP-4  hydrocarbon  removal. 
During  the  9  months  of  operation,  volatilization  removed  105,000  pounds  (47,600  kg),  and  another 
16,000  pounds  (7.100  kg)  were  converted  by  biodegradation.  This  corresponds  to  69  percent  removal 
of  the  initial  spill  mass,  of  which  an  unknown  value  remained  at  the  commencement  of  operation. 
Because  a  significant  but  unmeasi-rcd  portion  of  the  spilled  fuel  immediately  ran  off  the  site  into  a 
downgradient  ditch,  the  actual  removal  efficiency  was  undoubtedly  considerably  higher.  Total 
hydrocarbon  levels  in  the  soil  were  reduced  by  95  percent,  and  a  corresponding  drop  of  99  percent 
was  noted  in  soil  gas  levels.  Only  7  percent  of  the  post-operation  soil  samples  exhibited  total 
hydrocarbon  levels  greater  than  the  100  mg/kg  limit  used  by  several  states. 
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Hydrocarbon  removal  rates  from  the  full-scale  Hill  AFB  system  were  found  to  be  reasonably 
well-predicted  using  a  simple,  single  equilibrium  stage  Raoult’s  Law  model.  Equilibrium  models 
indicate  that  the  10  weight  percent  to  20  weight  percent  of  JP-4  representing  the  least  volatile 
fractions  will  require  a  much  greater  length  of  time  to  be  rcnioved  by  volatilization  than  would  be 
reasonably  expected  for  a  site  remediation.  Therefore,  an  alternative  means  may  be  required  if 
removal  of  these  compounds  is  necessary  to  meet  regulations. 

Biodegradation  enhanced  by  soil  aeration  caused  by  in  situ  soil  venting  may  provide  the  means 
of  removal  of  the  heaviest  portion  of  JP-4,  allowing  the  effective  application  of  the  soil  venting 
technology  to  this  hydrocarbon  mixture.  This  demonstration  has  provided  conclusive  evidence  that 
aerobic  biodegradation  of  the  hydrocarbons  in  the  soil'  was  occurring  at  significant  rates. 
Biodegradation  proceeded  at  a  rate  of  about  18  percent  of  the  volatilization  rate  with  no  effort  made 
toward  optimization  of  the  process,  by  such  means  as  reducing  extraction  rates,  injection  of  nutrients, 
or  moisture  addition. 

Based  upon  a  hypothetical  regulatory  closure  criterion  of  100  mg4g  of  hydrocarbons  remaining 
in  the  soil  (i.  e.,  the  limit  set  for  several  states),  'he  vertical  vented  site  and  soil  pile  probably  would 
have  met  regulatory  requirements  for  closure  at  the  end  of  this  demonstration.  The  post-venting  soil 
sampling  was  not  designed  for  regulatory  purposes  (samples  were  collected  in  a  regular  pattern  rather 
than  randomly);  however,  the  mean  of  the  analyzed  residual  hydrocarbon  concentrations  of  50  mgylcg 
[Standard  Error  (SE)  7  mg/kg]  would  meet  the  EPA’s  published  criterion  for  comparison  with  an 
action  level. 

TTie  total  quantity  of  hydrocarbons  measured  in  the  vented  air  stream  (47,600  kg),  and  the 
quantity  measured  by  difference  between  pre-  and  post-venting  soil  samples  (17,750  kg),  differ  by  a 
factor  of  nearly  2.7.  This  difference  is  probably  largely  due  to  withdrawal  of  fuel  vapors  from  a  zone 
larger  than  the  zone  defined  by  the  soil  samples  which  were  collected  from  boreholes.  The 
magnitude  of  difference  between  these  two  numbers,  in  a  system  which  was  relatively  uniform 
geologically  and  from  which  several  hundred  .soil  samples  were  analyzed,  suggests  that  in  most  cases 
it  will  be  unrealistic  to  expect  that  pre-venting  soil  analyses  will  yield  an  accurate  measure  of 
extractable  hydrocarbons. 

An  estimate  of  the  range  of  remediation  cost  for  the  Hill  AFB  site  was  made  using  an 
equilibrium  removal  model,  assuming  initial  mass  equal  to  the  total  initial  spill  amount.  Volatilization 
ol  80  percent  of  the  initial  spill  was  specified,  with  an  estimated  additional  15  percent  destruction  by 
biodegradation,  which  would  result  in  an  averaged  soil  concentration  of  le.ss  than  100  mgAg  total 
hydrocarbons.  For  this  case,  a  range  of  1  to  2.6  years  of  operation  would  be  required,  at  a  total 
estimated  cost  of  $741,000  to  Sl,019,(KX).  These  costs  translate  to  $4.2  to  $5.8  per  pound  {%93  to 
$12.S/'kg)  of  hydrocarbon  removed,  or  approximately  $28  to  $.78  per  cubic  yard  (yd^)  [S.76  to  $49  per 
cubic  meter  (m-’)]  of  .soil  treated.  The  results  of  post-venting  soil  sampling  suggest  that  the  Hill  AFB 
remediation  would  fall  on  the  lower  portion  of  the  cost  range.  The  application  of  these  cost  numbers 
to  other  sites  would  not  be  possible  without  suitable  information  regarding  the  air  permeability  of  the 
.soil,  total  spill  volume,  and  contaminant  characteristics.  Nevertheless,  in  situ  soil  venting  may  be  seen 
as  a  prospect  for  effective  and  economical  means  of  remediation  of  JP-4  jet  fuel  at  most  Air  Force 
sites. 
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H.  RECOMMENDATIONS 


Jr.  situ  soil  venting  may  be  considered  for  remediation  of  JP-4  jet  fuel  or  other  more  volatile 
contaminant  spill  sites.  The  technology  is  likely  to  be  more  successful  in  meeting  regulatory 
requirements  if  closure  limits  are  based  on  soil  total  hydrocarbon  concentration  or  upon  soil  gas  total 
hydrocarbon  concentrations  rather  than  concentrations  of  individual  components. 

Pilot  testing  should  be  conducted  at  a  potential  soil  venting  site  prior  to  system  design  for 
measurement  of  air  permeability  and  expected  extracted  gas  contaminant  concentration. 

Future  studies  should  be  made  in  investigation  of  optimization  of  bioactivity  during  soil  venting. 
Further  field  testing  should  also  be  conducted  including  enhancement  of  volatilization  by  heating. 

Field  testing  should  continue  for  investigation  of  JP-4  and  other  contaminant  removal  in  le.ss 
optimal  removal  cases,  such  as  less  permeable  soils,  moistcr  soils,  or  a  free  product  layer  on 
groundwater.  Field  tests  must  be  conducted  for  extended  periods  to  prove  feasibility  of  site  cleanup 
as  well  as  high  removal  capabilities. 

Bench  testing  should  continue  to  determine  the  importance  of  various  factors  such  as  moisture, 
soil  organic  content,  contaminant  type,  and  diffusion,  upon  removal  mechanism.  Such  testing  would 
be  necessary  in  the  formulation  of  realistic  removal  models. 
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FIELD  DEMONSTRATION  OF  IN  SITU  SOIL  VENTING  AT  HUi  AIR  FORCE  BASE 

JP-4  JET  FUEL  SPILL  SITE 

SECTION  I 
INTRODUCnON 


A  OBJECTIVES 

Over  4,000  Ar  Force  sites  are  known  or  suspected  to  have  (xintaminated  groundwater  and  soil. 
The  most  common  ontaminants  are  fuels  and  chlorinated  solvents.  Since  many  of  these 
contaminants  are  volatile  or  have  volatile  components,  a  relatively  inexpensive  method  for  aiding  the 
cleanup  of  these  sites  is  an  innovative  technology  known  as  in  situ  soil  venting  (ISSV).  This  process 
for  remediation  of  volatile  organic  compound  (VOC)  contamination  of  soil  involves  passing  large 
volumes  of  air  through  the  subsurface  soil,  thereby  disrupting  the  equilibrium  existing  between  the 
contaminants  on  the  soil  and  in  the  vapor  and  causing  volatilization  and  transport  of  the  VOQ  from 
the  ground  into  the  air  stream. 

Oak  Ridge  National  Laboratory  (ORNL)  was  contracted  by  the  Ar  Force  Engineei  .ng  and 
Services  Center  (AFESC)  to  perform  a  full-scale  demonstration  of  in  situ  soil  venting  at  an  /  r  Force 
site.  The  two  main  objectis  es  of  this  research  effort  were  (1)  determine  the  efficiency  of  ir  situ  soil 
venting  for  removal  of  fuel  from  unsaturated  soils;  and  (2)  collect  design,  operating,  and  ;ost  data 
for  use  in  implementation  of  in  situ  soil  venting  at  other  Ar  Force  sites. 

To  meet  these  objectives,  a  site  selection  decision  was  made  after  reviewing  Installation 
Restoration  Program  reports,  meeting  with  base  personnel,  and  visiting  several  contaminated  Ar 
Force  Base  (AFB)  sites.  A  site  at  Hill  AFB,  Utah,  was  chosen  because  of  several  favorable 
characteristics. 

An  initial  characterization  of  the  contaminated  area  at  Hill  AFB  showed  the  site  to  be  nearly 
ideal  from  a  geohydrologic  standpoint  for  application  of  soil  venting  technology.  The  initial  report 
also  indicated  there  was  significant  residual  contamination  that  would  be  appropriate  for 
demonstration  of  the  technology.  In  addition,  the  Hill  AFB  site  offered  easy  access,  available  utilities, 
and  logistics  support.  Aso,  the  Hill  site  allowed  the  opportunity  to  study  multiple  venting 
configurations. 

After  site  selection,  additional  site  characterizations,  and  pilot  tests,  a  full-scale  demonstration 
system  was  operated  at  the  Hill  AFB  site.  The  system  was  designed  and  constructed  by  ORNL,  after 
a  design  review  by  consultants  (Mr.  James  Maiot  of  Terra  Vac,  Inc.,  Ms.  Nancy  Metzer  and 
Mr.  Michael  H.  Corbin  of  R.  F.  Weston,  Inc.)  representing  leading  vendors  of  soil-venting  systems. 
Site  characterization  before  and  after  system  operation  allowed  for  evaluation  of  the  effectiveness 
of  the  cleanup  effort. 


1 


B.  BACKGROUND 


1.  Dcscriplion  of  Technology 

In  situ  soil  venting,  also  referred  to  as  in  situ  volatilization,  in  situ  air  stripping,  and  .soil  vapor 
extraction,  is  a  promising  technology  for  removal  of  volatile  contaminant  spills  in  unsaturated  zone 
soils.  A  conceptual  picture  of  ISSV  is  shown  in  Figure  1.  !n  this  technique,  the  .soil  is 
decontiiminated  in  place  by  pulling  air  through  the  soil.  Air  removed  from  the  soil  by  an  extraction 
vent  and  vacuum  blower  mtty  be  resupplied  passively  by  inllltration  from  the  surface,  or  passively  or 
lorced  through  injection  vents.  TTe  air  How  sweeps  out  the  soil  gas.  disrupting  the  equilibrium 
existing  between  hydrocarbons  which  are  (1)  sorbed  on  the  soil.  (2)  dissolved  in  soil  pore  water, 
(.s)  present  as  a  septirate  hydrtKarbrm  phase,  and  (4)  present  as  vapor.  This  causes  volatilization  of 
the  contiiminants  and  subsequent  removal  in  the  air  stream.  Depending  on  How  rate,  contaminant 
type  and  concentration,  and  local  environmental  regulations,  the  extracted  gas  stream  may  be 
dischiirged  directly  to  the  atmosphere  or  sent  to  an  emissions  control  device. 

In  situ  .scril  venting  has  proven  to  be  a  cost-effective  decontamination  technology.  It  is 
extremely  useful  in  dectmtitmintiiing  unsaturated  zone  soils,  both  in  preventing  the  hazards  caused 
by  subsurface  vapor  movement  and  in  remtrving  the  contaminants  before  they  reach  the  gioundwater. 
Soil  seniing  may  also  be  u.sed  in  conjuncikm  with  pump-and-treat  groundwater  remediation 
lechnit|ues  for  complete  cleanup  of  the  soil  and  groundwater  in  cases  where  the  hydrocarbons  have 
reached  the  water  table.  A  general  summary  of  technical  aspects  of  in  situ  soil  venting,  its 
applicability,  and  geohydrologic  factors  controlling  its  effectiveness  is  provided  in  Volume  1.  An 
abbreviated  overx'iew  is  given  below. 

In  situ  soil  venting  is  generally  applicable  to  spills  of  VOCs  in  permeable  soils,  although  it 
h:is  been  reported  to  be  succe.ssful  in  less  pe.^meable  soils.  Each  site  must  be  considered  individually 
for  the  feasibility  of  application  of  the  technique.  Variables  to  be  considered  include  (1)  the  size  of 
the  spill,  (2)  the  type  of  contaminant,  gcohydrological  factors,  and  (4)  regulatory  issues  such  as 
emissions  treatment  and  cleanup  standard.s.  In  general,  larger  and/or  deeper  contaminated  soil  zones 
favor  soil  venting  over  excavation;  although  a  size  criteria  may  be  waived  when  considering  treatment 
ol'  a  site  containing  a  building  or  other  valuable  structures.  Contaminants  having  a  vapor  pressure 
ol  at  least  0.5  millimeters  (mm)  mercury  (Hg)  (66  Pascals),  or  a  dimensionless  (i.e.,  mole  fraction 
ratio)  Henry's  Law  ct)nstant  greater  than  0.0!  (Reference  1)  arc  likely  to  be  extracted  at  adequate 
rates.  In  situ  soil  venting  is  le.ss  easily  applied  to  soils  with  complex  stratillcation  or  soils  of  low 
permeability,  although  recent  succe.ssful  field  tests  have  demonstrated  removal  in  lower  permeability 
soils  (Reference  2). 

Various  design  strategies  of  soil  venting  have  been  implemented,  with  most  exhibiting 
promising  results.  The  simplest  designs  include  only  vapor  extraction  vents,  which  may  be  adequate 
for  remediation  for  the  majority  of  sites.  For  deep  contamination  or  for  cases  with  free  product  on 
the  water  table,  pa.ssive  inlet  vents  may  be  included  to  direct  air  flow  into  the  lower  soil  areas.  Other 
systems  include  prc.s.surized  injection  vents  around  the  contamination  area  to  increase  How  rate  and 
control.  An  impermeable  surface  barrier  is  often  recommended  to  prevent  rainwater  infiltration  and 
the  short-circuiting  of  the  air  Ihiw  from  the  surface.  Several  different  types  of  blowers  have  been 
u.sed,  the  .selection  of  which  is  dependent  on  site -specific  factors  such  as  size  and  soil  permeability. 
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Conceptual  Diagram  of  In  Situ  Soil  Venting. 


Specific  site  characterization  data  should  be  collected  and  a  pilot  system  should  be  run  at  the  site 
prior  to  full-scale  design. 

It  may  be  difficult  to  predict  the  overall  effectiveness  of  soil  venting  or  any  other  in  siiii 
restoration  technique  because  heterogeneity  of  soil  structure  and  contamination  location  preclude 
measuring  the  initial  mass  present  at  a  site.  Factors  influencing  the  effectivcnc.s.s  of  soil  venting 
include  (1)  amount  and  geometry  of  air  flow,  (2)  nature  of  the  contaminants,  (.1)  geohydrology,  (4) 
temperature,  (5)  moisture,  and  (6)  aerobic  bioactivity.  In  general,  factors  which  increa.se  contaminant 
removal  rate  are  higher  air  flow  through  contaminated  soil  zones,  contaminants  of  higher  volatility, 
soils  of  simple  stratification  and  high  air  permeability,  higher  temperatures,  lower  moisture  content, 
and  higher  aerobic  activity. 

Although  several  successful  applications  have  been  reported  in  the  literature,  at  the  time  that 
this  project  was  initiated  only  two  well-documented  field  studies  of  soil  venting  were  available. 
Radian  and  Riedel  Environmental  Services  performed  a  field  test  of  soil  venting  for  the  American 
Petroleum  Institute  (References  .1  and  4).  They  operated  two  sets  of  test  wells  in  an  e.\isting  ga.soline 
spill  which  had  reached  the  aquifer  and  was  spread  out  in  the  capillary  zone.  During  the  .^b-day  test 
they  operated  at  three  flow  rates,  measuring  pressure  and  concentration  at  several  points  in  the  soil. 
Effluent  gas  concentrations  remained  high  (2000  to  4000  ppmv)  throughout  the  test,  demonstrating 
high  removal  rates,  but  also  indicating  that  the  flow  rates  were  t(X)  low  or  the  test  duration  too  short 
to  note  long-term  trends.  The  results  also  showed  the  effect  of  vapor  recharge  from  the  free  product 
layer  in  the  capillary  zone  and  atop  the  water  table.  They  concluded  that  soil  venting  is  not  only 
effective  for  removing  hydrocarbons  from  the  unsaturated  zone  soils,  but  also  can  be  used  in 
conjunction  with  conventional  methods  for  aquifer  restoration.  However,  the  short  test  period  and 
unchanging  extraction  rate  did  not  allow  evaluation  of  the  variation  of  hydrocarbon  yield  with  time 
or  final  removal  capabilities. 

Roy  F.  Weston,  Inc.,  in  conjunction  with  the  US  Army  Toxic  and  Hazardous  Materials 
Agency  (USATHAMA),  operated  a  pilot-scale  soil  venting  test  at  a  .solvent  dump  site  at  the  Twin 
Cities  Army  Ammunitions  Plant  (TCAAP)  (Reference  5).  The  test  included  two  .systems:  a  large 
system  in  a  highly  contaminated  zone  and  a  smaller  system  in  a  less  contaminated  area.  Results 
indicated  soil  venting  is  effective  in  removal  of  trichloroethylene,  dichlorocthyiene,  toluene,  and  other 
solvents  from  sandy  soils.  Effluent  concentrations  in  the  small  system  decreased  rapidly  with  time, 
whereas  the  effluent  from  the  large  system  remained  at  high  concentrations  throughout  the  test,  again 
indicating  a  test  system  which  was  undersized  for  the  schedule  of  the  test.  Due  to  the  short  term  of 
the  tests,  it  was  not  clear  if  the  technology  continues  to  be  effective  after  extended  operation  has 
reduced  contamination  to  some  lower  level.  Empirical  design  relationships  of  vent  pipe  spacing  and 
blower  sizing  for  scale-up  at  the  site  were  developed,  and  preliminary  cost  estimates  of  Sl5  to  S20/yd' 
of  .soil  treated  were  presented. 

These  studies  provided  much  useful  information  for  the  successful  application  of  .soil  venting; 
however,  more  information  is  ncccs,sary  to  design  full-scale  systems.  Two  important  questions 
remained:  (1)  the  long-term  effectiveness  of  the  technology  and  (2)  its  applicability  to  other 
contaminants  or  contaminant  mixiure.s,  such  as  JP-4  jet  fuel.  Also,  information  from  a  well- 
characterized  system  is  needed  to  analyze  factors  controlling  contaminant  removal  for  optimization 
of  the  technology. 
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This  study  was  undertaken  to  provide  answers  to  these  and  other  questions.  A  full-scale 
venting  system  was  operated  at  the  site  of  a  JP-4  jet  fuel  spill  site  to  determine  the  applicability  of 
the  technology  to  this  v/idespread  contaminant  and  to  collect  valuable  field  information  for  use  in 
projecting  design  data,  cost,  and  effectiveness  of  the  technology  to  other  sites.  Volume  II  of  this 
report  is  a  guidance  document  which  contains  much  of  this  practical  information. 

2.  History  of  Site 

On  9  January  1985,  in  the  Building  914  area  at  Hill  Air  Force  Base,  Utah,  approximately 
27,0()0  gallons  (102,(XX)  liters)  of  jet  fuel  were  spilled  onto  the  ground  after  an  automatic  filling 
system  malfunctioned  and  storage  tanks  overflowed.  The  fuel  fiowed  into  the  area  to  the  west  of  the 
tanks  and  infiltrated  the  .soil  throughout  the  area.  No  other  spills  have  been  reported  in  the  a.rea. 

The  site  had  been  the  subject  of  two  earlier  site  characterizations,  as  well  as  characterization 
by  ORNL.  From  the  recommendations  of  the  first  study  (Reference  6),  a  decision  was  made  to 
remove  the  highly  contaminated  .soil  near  the  underground  tanks  and  place  the  tanks  in  an 
aboveground  concrete  enclosure.  The  plans  for  the  lank  excavation  were  modified  to  include  the 
testing  of  in  situ  soil  venting  technology  described  herein.  Lateral  vent  pipes  were  installed  in  the 
ground  beneath  the  tank  excavation  and  the  excavated  soil  was  formed  into  a  pile  for  venting. 

a.  Site  Geology 

Hill  Air  Force  Base  is  located  on  a  terrace  along  the  wCj^tern  foot  of  the  Wasatch 
Mountains  at  an  altitude  of  approximately  4750  to  4780  feet  (1448  to  1457  meters)  above  mean  sea 
level.  The  terrace  on  which  the  Base  is  kKated  is  one  of  several  which  were  formed  as  near-shore 
sedimentary  deposits  of  prehistoric  Lake  Bonneville,  the  remnant  of  which  comprises  present-day 
Great  Sait  Lake.  T^e,se  unconsolidated  or  weakly  consolidated  deposits  are  comprised  of  a  .series  of 
interfingered  lenticular  or  wedge-shaped  strata  of  gravel,  sand,  silt,  and  ciay  extending  to  a  depth  of 
as  great  as  bfKX)  to  9(X)0  feet  ( 1829  to  274.7  meters)  several  miles  to  the  west  of  the  Base  (Figure  2). 
The  regional  geology  has  been  de.scribcd  in  detail  (Reference  7). 

The  Provo  formation  comprkscs  the  surface  .strata  beneath  the  Base,  and  consists  at  the 
fuel  spill  site  of  medium  to  fine  sands  with  thin  interbedded  layers  of  silty  clay.  Regionallv  these 
sands  are  underlain  by  ciay  layers,  which  extend  to  a  depth  of  fXX)  feet  (18.7  meters)  below  land 
surface  (BLS)  at  a  well  located  5(K)  feet  (152  meters)  south  of  the  spill  site  (Figure  7). 

Logs  from  observed  h(dc  cuttings  for  a  .series  of  27  borings  conducted  in  1985  at  the  s|iill 
site  by  Rollins,  Brown  &  Gunnell,  Inc.  de.scnbc  a  surface  layer  of  brown  silty  sand  about  4  feet  { 1.2 
meters)  thick,  underlain  by  brown  sand  to  a  depth  of  20  to  27  feet  (6.1  to  7.0  meters)  throughout  the 
spill  area  west  of  the  buried  fuel  tanks  (Reference  6).  Oay  l.iyers  were  reported  between  a  depth 
of  27  feet  (7.0  meters),  extending  with  intermixed  sand.  Uithe  depth  of  the  deepest  boring  (42  feet  - 
12.8  meters). 

Three  btrrings  were  augered  by  Science  Applicvations  International  (SAiC)  in  the  northern 
portion  of  the  spill  area  in  June  1986.  Logs  from  the.se  h'rings  geneniily  show  sand  to  a  depth  of 
25  to  75  feet  (7,6  to  10.7  meters),  with  occasional  thin  layers  of  clay  above  and  discontinuous  clav  and 
silty  clay  stringers  interspersed  with  sand  below. 
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Schematic  Diagram  (»I  Regional  Hydrogeology  in  Vicinity  t)f  Hill  AFB. 
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b.  Site  Hydrology 

The  shallowest  regional  groundwater  is  an  aquifer  approximately  KX)  feet  (30.5  meters) 
thick  which  underlies  the  spill  site  at  a  depth  of  about  6(X)  feet  (183  meters)  BLS.  The  continuous 
water  table,  the  Sunset  aquifer,  is  at  a  depth  of  .300  feet  (91.4  meters)  BLS.  Both  aquifers  are 
isolated  from  the  surface  by  impermeable  formations  which  produce  artesian  conditions  in  the  area 
of  the  base. 

Local  perched  groundwater  is  found  above  the  clay  layers  which  confine  the  regional 
aquifer.  Rollins,  Brown  &  Gunnell,  Inc.  encountered  perched  groundwater  in  one  borehole  near  the 
fuel  tanks  at  a  depth  of  32  feet  (9.8  meters)  BLS.  During  the  SAIC  drilling,  perched  water  was 
encountered  at  a  depth  of  51  feet  (15.5  meters)  BLS  in  borehole  RSA-2  on  the  western  edge  of  the 
spill  area,  while  water  was  present  at  a  depth  of  approximately  57  feet  (17.4  meters)  BLS  in 
monitoring  well  RST-1  in  December  1987  (see  Figure  4). 

c.  DistnTjution  of  JP-4  Contamination  in  the  Soil 

(1)  Soil  Gas  Analyses.  A  soil  gas  surx'cy  was  conducted  by  SAIC  at  the  spill  site  in  1986. 
with  probes  installed  to  a  depth  of  10  feet  (3.0  meters).  Fuel  vapor  profiles  measured  as  tenai 
hydrocarbons  determined  from  the  analytical  data  are  shown  in  Figure  4.  Highest  values  extend  from 
the  point  of  fuel  spillage  west  across  the  spill  area,  approximately  along  the  path  of  fuel  flow. 

(2)  Core  Analyses.  Analysis  of  cores  from  the  borings  conducted  by  Rollins,  Brown  &. 
Gunnell,  Inc.  in  1985  showed  residual  fuel  levels  as  high  as  70,0(K)  mg/kg  in  soils  immediately  adjacent 
to  the  tanks.  The  deepest  fuel  penetration  observed  at  that  time  was  28  feet  (8.5  meters)  BLS  in  a 
borehole  immediately  west  of  the  tanks.  Concentrations  of  total  hydrocarbons  as  high  as  6200  mg4cg 
were  detected  in  the  upper  5  feet  (1.5  meters)  of  soil  throughout  the  spill  area  west  of  the  tanks. 
Cores  from  boreholes  near  the  present  location  of  well  RST-1  showed  fuel  residues  as  high  as 
15,770  mg/kg  at  a  depth  of  13  feet  (4.0  meters)  BLS.  No  fuel  residues  were  detected  in  two  borings 
conducted  west  of  the  fence,  approximately  150  feet  (46  meters)  west  of  the  fuel  tanks,  which  bounds 
the  fuel  storage  area. 

Core  analyses  from  the  three  borings  conducted  by  SAIC  in  1986  showed  lower  levels 
of  residual  fuel  in  the  upper  soil;  the  highest  values  obtained  were  3700  mg/kg  and  1200  mg.'kg  at 
depths  of  0  and  19  feet  (0  and  5.8  meters),  respectively,  in  RST-1.  Fuel  odors  were  present 
throughout  the  RST-1  cores,  and  a  level  of  81  mg/kg  was  detected  at  the  surface  of  the  clay  layer  at 
54  feet  (16.5  meters)  BLS.  No  residual  fuel  was  detected  in  either  of  two  temporary  groundwater 
monitoring  wells  denoted  RSA-1  or  RSA-2  at  any  depth. 

(3)  Additional  Site  Characterization  Prior  to  Venting  System  Installation.  Due  to 
uncertainties  in  site  geology,  hydrology  and  hydrocarbon  distribution,  further  site  characterization, 
consisting  of  a  second  soil  gas  survey  and  installation  of  three  borings,  was  performed  by  ORNL 
before  installation  of  the  full-scale  venting  system.  The  purpose  of  the  soil  gas  survey  was  to  confirm 
the  earlier  fuel  distribution  data  and  to  determine  whether  additional  lateral  fuel  movement  had 
occurred.  The  purpose  of  the  drilling  was  to  determine  whether  fuel  had  migrated  to  the  east  of  the 
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tanks  through  unsaturated  clay  layers  or  had  cascaded  down  along  the  clay  layers  and  infiltrated  to 
a  depth  below  50  feet  (15.2  meters). 

A  soil  gas  survey,  conducted  in  September  1987,  confirmed  the  general  distribution 
of  near-surface  hydrocarbon  concentrations  determined  by  SAIC  No  evidence  for  fuel  contamination 
was  found  west  of  the  fence  on  the  western  boundary'  of  the  spill  area.  The  three  borings  drilled 
during  June  1988  confirmed  the  presence  of  clay  beneath  the  eastern  portion  of  the  site  at  a  depth 
of  90  feet  (27.4  meters)  confirmed  that  fuel  bad  not  migrated  to  the  east  of  the  tank  excavation,  and 
confirmed  that  fuel  had  not  penetrated  into  the  subsurface  clay  layer. 

C.  SCOPE 

1.  Overview  of  Tests  Qmducted 

The  in  situ  soil  venting  demonstration  addres.sed  in  this  study  followed  a  staged 
implementation,  as  would  be  recommended  for  most  applications  of  this  technology.  The  three  stages 
of  the  study  were  (1)  site  characterization.  (2)  pilot  studies,  and  (.■?)  full-scale  demonstration.  These 
pha.scs  are  dLscussed  in  more  detail  below. 

a.  Phase  1;  Site  Characterization 

Characterization  of  the  site  included  gathering  information  from  previous  studies,  soil  gas 
analyses,  and  soil  sampling  at  various  points  in  the  contaminated  area.  These  activities  took  place 
between  November  1987  and  November  1988.  Results  of  site  characterization  activities  are  presented 
in  Section  IV. 

b.  Phase  2:  Pilot  Studies 

The  pilot  studies  consisted  of  limited  laboratory-scale  column  studies,  development  and 
conduction  of  in  situ  permeability  tests,  and  a  field  pilot  test  involving  operation  of  a  single  extraction 
vent.  Column  tests  were  performed  during  February  1988.  The  results  of  these  tests  are  presented 
in  Section  IV.C.  The  single-vent  test  extraction  at  the  Hill  AFB  site  was  conducted  in  January  1988. 
These  tests  and  their  results  are  pre.sented  in  Section  IV.B.  of  this  report.  In  situ  permeability  tests 
were  performed  in  December  1987  and  again  during  July  and  September  of  1988.  These  tests  are 
described  in  detail  in  Section  IV. D. 

c.  Phase  3:  Full-Scale  Demonstration 

The  vertical  vents  for  the  full-scale  in  situ  soil  venting  demonstration  were  installed  during 
August  and  September  1988.  The  piping  and  associated  vacuum  extraction  equipment  were 
constructed  and/or  installed  from  October  through  December  1988.  After  obtaining  the  required 
approvals  from  the  appropriate  regulatory  agencies,  operation  of  the  full-scale  system  was  started  in 
December  1988.  The  full-scale  system  was  operated  nearly  continuously  through  October  1989  using 
various  vent  configurations.  During  this  period,  hydrocarbon  concentrations,  removal  rates, 
bioactivity,  soil-moisture  content,  and  various  other  parameters  were  monitored.  Section  V  of  this 
report  contains  the  details  and  results  obtained  during  full-scale  operation. 
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2.  Chronology  of  Site  Activities 

Table  1  lists  the  dates  for  the  major  activities  performed  in  this  demonstration  effort. 


TABLE  1.  CHRONOLOGY  OF  MAJOR  SITE  ACnVITIES 


1 - 

DATE 

ACmOTY 

1-6  November  1987 

Sampling  for  characterization  of  soil 
contamination  in  the  excavation  site  done  by 
ORNL  Grand  Junction,  CO  office.  14  holes 
sampled,  31  soil  vapor  probes  placed  in  soil. 

2-6  November  1987 

Soil  sampling  and  installation  of  lateral  vents 
in  exposed  lank  pit. 

12-21  December  1987 

Extraction  vent  and  9  pressure-monitoring 
wells  for  single-vent  test  were  installed.  Two 
holes  sampled  to  determine  vertical 
contamination  distribution.  In  situ 
permeability  measurements  were  made  at 
depths  from  5  to  30  feet  (1.5  to  9.1  meters). 

11-17  January  1988 

Installed  single-vent  system  at  Hill  AFB. 

18-20  January  1988 

Operated  single-vent  system. 

6  June  1988 

Drilling  and  sampling  at  site.  Three  holes 
drilled  to  65,  85,  and  90  feet  (19.8,  25.9,  and 

27.4  meters.) 

July  1988 

In  situ  permeability  tests  completed.  Dry 
nitrogen  injected  in  9  pressure-monitoring 
wells. 

August  1988 

Drilling  for  sampling  and  installation  of  14 
vertical  vents,  25  monitoring  vents,  and  3 
neutron  access  tubes  in  area  west  of  tanks. 
Installed  surface  barrier  in  vertical  vent  area. 

Soil  pile  dressed  and  covered  to  prevent 
erosion. 

16  September  1988 

Water  line  hit  by  drilling  rig  causing  flooding 
of  entire  soil-venting  site.  Surface  barrier 
disrupted  in  6  foot  (1.8  meter)  diameter. 

Repaired  surface  barrier. 

20-23  September  1^88 

Conducted  in  situ  permeability  tests  at  site. 
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TABLE  1.  CHRONOLOGY  OF  MAJOR  SITE  ACTIVITIES  (CONCLUDED) 


DATE 

ACTIVITY 

8-11  November  1988 

Excavated  soil  pile  was  sampled. 

18  December  1988  to  9  October  1989 

Operation  of  full-scale  system. 

12  October  1989 

Soil  sampling  of  the  pile,  water  sampling  of 
groundwater  monitoring  well  RST-1,  and 
measurement  of  in  situ  .soil  moisture. 

30  October  to  6  November  1989 

Soil  samples  taken  from  vertical  vent  area  for 
post-venting  analysis. 

6  November  1989 

Drilling  for  collection  of  .soil  samples  was 
completed. 

3.  Report  Organization 

This  report  is  broken  into  several  main  sections  describing  each  of  the  various  phases  and 
tasks  covered  in  this  study.  Section  II  describes  all  methods  and  materials  u.scd  in  each  phase  ol  the 
demonstration.  Section  III  describes  aspects  of  geological  and  chemical  characterization  of  the 
contaminated  area  under  study.  Section  IV  describes  the  pilot  studies  u.scd  to  gather  information  for 
ft  i-scale  system  design  and  projection  of  system  behavior.  Section  V  details  the  full-scale  in  situ  soil 
Vwnting  system  including  hydrocarbon  removal  results  from  soil  venting  and  bioactivity.  Data  on  costs 
associated  with  this  technology  are  presented  in  Section  VI.  Section  VII  contains  the  conclusions 
drawn  from  this  study  along  with  recommendations  for  future  work  in  this  area.  This  is  followed  by 
the  appendices,  including  tables  of  data. 
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SECTION  n 


METHODOLOGY 


A.  DRILLING 

Drilling  was  conducted  for  collection  of  soil  samples  and  installation  of  vertical  vent  wells  and 
monitoring  points.  Ail  borehole  locations  were  marked  by  staking  before  drilling.  Borehole  locations 
and  surface  elevations  were  determined  by  surveying  after  installation. 

AJI  boreholes  sampled  throughout  the  vertically  vented  zone  were  augcred  using  an  8-inch  [20..1 
centimeter  (cm)]  hollow-stem  auger  having  a  4.25-inch  (11  cm)  inner  stem  diameter,  operated  with 
a  truck-mounted  drilling  rig.  These  included  the  pilot  vent  and  associated  monitoring  points  (.11-41), 
the  three  deep  characterization  boreholes  (42-44).  all  vent  wells  (V1-V15)  and  monitoring  points 
(A-BB).  and  post-venting  boreholes  (V1A-V15A).  After  core  collection,  the  vent  boreholes 
(V1-V15)  were  reamed  out  with  a  10-inch  (25.4  cm)  hollow-stem  auger  prior  to  placement  of  vent 
pipes. 

Neutron  access  tubes  were  instalU-d  in  boreholes  dug  with  a  2-inch  (5.1  cm)  outside  diameter 
(OD)  solid  auger  bit  mounted  on  the  drill  rig. 

The  upper  6  feet  (1.8  meters)  of  vent  well  boring  Vl5  and  post-venting  borehole  15A  were  dug 
by  hand  using  a  bucket  auger  to  minimize  the  risk  of  encountering  underground  piping  or  electrical 
lines  that  w'cre  known  to  be  present  within  20  feet  (6.1  meters)  of  the  boring  location  at  the 
southeastern  corner  of  the  site. 

In  several  boreholes,  groundwater  was  encountered  before  the  completion  depth  of  50  feet  (15.2 
meters).  In  these  boreholes  drilling  was  terminated  due  to  concern  that  sand  movement  into  the 
borehole  may  increase  the  risk  of  equipment  loss.  In  these  situations,  the  CRNL  Grand  Junction 
geologist  decided  to  terminate  the  borehole,  after  consultation  with  the  driller. 

Borings  conducted  in  the  tank  excavation  and  in  the  excavated  .soil  pile,  both  before  and  alter 
venting,  were  dug  using  a  "Little  Beaver"  pov  cred  auger. 

B.  LOGGING  OF  BOREHOLES 

Soil  samples  were  logged  for  .soil  color  and  texture  using  standard  geological  cla.ssillcation 
■ss-stems.  All  continuous  split-barrel  and  split-spoon  samples  were  logged;  in  addition,  auger  cuttings 
were  logged  at  5-foot  (1.5  meter)  intervals  from  borings  which  were  not  sampled. 

Cores  collected  with  a  split  spoon  were  visually  logged  using  material  obtained  from  the 
uppermost  bra.ss  liner.  Zones  of  potential  high  or  low  perme;ibiiity  (i.e..  grtivel  or  clav)  which  could 
affect  vapor  flow  during  the  venting  test,  apparent  moisture,  and  presence/  .^ence  of  petroleum  odor 
were  noted.  Visible  changes  in  facies  were  rec.orded  within  0.5  feet  (15  cm)  vertical  re.solution. 

Hydrocarbon  vapors  released  from  all  soil  samples  upon  opening  of  the  split-spoon  o>-  split-barrel 
sampler  were  measured  at  a  dist;ince  of  12  inches  (.10  cm)  using  an  HNu  Total  VOC  Analvzer. 


C.  SOIL  SAMPLING  AND  HANDUNG 


1.  Excavation  Samples 

Soil  samples  were  collected  during  the  initial  characterization  boring  in  the  tank  excavation 
by  use  of  a  bucket  auger. 

2.  Borehole  Sample  Q)licction 

In  the  pilot  vent  ,11,  borehole  41.  and  post-venting  samples  (VIA,  etc.)  split-spoon  samples 
were  c(dlcctcd  exclusively.  In  the  three  deep  boreholes  42-44,  vent  boreholes,  and  monitoring  points 
E  and  Y,  core  samples  were  collected  by  alternating  a  split-spoon  sampler  with  a  continuous 
split-barrel  sampler. 

For  borings  sampled  exclusively  with  a  split  spoon,  samples  were  collected  at  5-foot 
(1.5  meter)  intervals  throughout  the  borehole  (0-1  feet,  5-6  feet.  9-10  feet,  etc.).  For  boreholes 
sampled  w  th  both  split-spoon  and  continuous  split-barrel  sampler,  split-spoon  core  samples  for  JP-4 
analysis  and  soil  characterization  were  obtained  during  augering  at  .1-foot  (0.9  meter)  interv'als 
through  the  upper  15  feet  (4.6  meters)  of  each  hole,  and  at  5-foot  (1.5  meter)  intervals  below  that 
point. 

It  each  vent  borehole  and  sampled  monitoring  point,  the  first  split-spoon  sample  was 
collected  when  the  augered  hole  was  approximately  18  inches  (46  cm)  beneath  ground  surface  to 
reduce  the  likelihexxi  of  surface  soil  contamination  from  heavy  equipment  and  to  avoid  sampling  the 
reworked  soil  covering  the  surface  vapor  barrier.  Nominal  core  depth  intervals  over  the  upper  15 
feel  (4.6  meters)  of  soil  were  approximately  2  to  1  feet  (0.6  to  0.9  meters),  5  to  6  feet  (1.5  to  1.8 
meters).  8  to  9  feet  (2.4  to  2.7  meters).  11  to  12  feet  (1.4  to  1.7  meters),  and  14  to  15  feet  (4.1  to 
4.6  meters),  Nominal  depth  intervals  of  samples  collected  below  the  15-foot  (4.6  meter)  depth  level 
were  approximately  19  to  20  feet  (5.8  to  6  1  meters).  24  to  25  feet  (7.1  to  7.6  meters).  29  to  10  feet 
(8.8  to  9.1  meters).  .14  to  15  feet  ( 10.4  to  10.7  meters),  etc.  The  depth  of  each  cored  intep.'al  beneath 
the  excavation  surface  was  determined  within  0.5  feet  (15  cm). 

Split-sp<xm  stimples  were  obtained  using  2-inch  (5.1 -cm)  diameter  x  6-inch-long  (15-cm)  bra.ss 
liners  (Environmental  Instrumentation,  Inc.,  Q)ncord.  CA).  The  sp<x)n  was  18  inches  long  x  2.5 
inches  OD  [2  inches  inside  diameter  (ID)]  to  permit  use  of  the  liners.  Three  sleeves  were  installed 
in  a  split  sp<xm  for  each  sample  collected. 

Continuous  split-barrel  core  samples  for  visual  soil  characterization  logging  were  obtained 
throughout  the  intervals  between  split-,sp<x)n  samples.  The  continuous  split-barrel  sampler  was  5  feel 
long. 

All  downhole  equipment  was  washed  with  detergent  and  rin.sed  with  clean  tap  water  before 
each  new  txircholc  was  begun. 
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3.  Sample  Handling 


a.  Bucket  Auger  Samples 

Samples  collected  by  bucket  auger  during  the  initial  sampling  trom  borings  beneath  the 
tank  excavation  were  mixed  in  a  stainless  steel  pan  using  a  spatula  immediately  upon  retrieval,  and 
were  packed  into  40-milliliter  (mL)  vials.  These  samples  were  stored  in  coolers  on  blue  ice,  and  were 
shipped  immediately  to  ORNL  for  analysis.  (This  method  probably  allowed  volatilization  of  some 
organics,  as  discussed  later.) 

b.  Borehole  Samples 

For  the  vent  well  boreholes  and  pressure  monitoring  points  E  and  Y,  two  samples  were 
obtained  from  each  core  for  JP-4  analysis:  one  for  fuel  residue  screening,  and  the  other  for  analysis 
by  a  more  precise  laboratory  procedure.  The  sample  for  screening  consisted  of  the  middle  brass  liner 
from  the  split  spcx)n,  while  the  sample  for  quantitative  JP-4  analysis  consisted  of  the  lower  brass  liner. 
Upon  removal  from  the  split  spoon,  the  ends  of  each  brass  liner  to  be  analyzed  for  fuel  residues  were 
immediately  sealed  with  4-inch  ( 10. 1  cm)  squares  of  .l-mil-thick  Teflon*  film  and  capped  with  plastic 
caps  (Environmental  Instrumentation,  Inc.,  Concord,  CA).  The  caps  were  firmly  attached  to  the  brass 
liner  tube  with  electrical  tape.  Each  liner  tube  was  labeled  securely  and  packed  in  a  plastic  bag  for 
shipment  to  ORNL.  Each  lower  liner  (designated  for  precise  laboratory  hydrocarbon  analysis)  was 
handled  in  an  identical  manner  to  the  middle  (screening  sample)  liners  except  that  after  sealing  the 
ends,  the  sealed  liner  was  weighed  and  the  gross  weight  recorded. 

Field  replicate  samples  were  drawn  from  the  upper  brass  liner  tubes  from  the  split  spoons 
collected  in  the  upper  15  feet  (4.6  meters)  of  soil.  One  core  from  each  borehole  was  replicated  for 
the  JP-4  screening  analysis;  a  second  core  from  each  borehole  was  replicated  for  the  quantitative 
analysis.  Cores  were  selected  for  use  as  field  replicates  on  the  basis  of  (1)  how  completely  the  upper 
bra.ss  liner  was  filled  with  soil  upon  removal  from  the  sampler,  and  (2)  similarity  of  appearance  of  the 
upper  and  middle  liner  samples. 

Discrete  samples  were  collected  from  the  surface  of  clay  layers  observed  in  the  continuous 
.sampler  cores  during  logging  by  removing  a  1-foot  length  of  the  core  directly  above  the  upper  surface 
of  the  clay  layer  immediately  upon  collection.  Each  sample  was  transferred  with  minimal  mixing  to 
a  clean  glass  sample  jar,  which  was  filled  as  full  as  possible  to  minimize  headspace  and  sealed  with 
.1  Tel  lor.*- lined  lid. 

Samples  were  collected  during  post-venting  sampling  in  an  identical  manner  using  three 
sleeve  liners  in  each  driven  split-sp<x)n  sample,  but  only  the  lower  tube  was  routinely  sealed  for 
subsequent  analysis.  Approximately  10  percent  of  middle  sleeve  liners,  selected  from  depth  intervals 
which  contained  high  pre-venting  hydrocarbon  levels,  were  scaled  to  serve  as  field  replicates. 

Before  e;ich  sampling  campaign,  two  clean  brass  liner  tubes  were  filled  with  clean  sand 
in  Grand  Junction,  transprtrted  to  the  work  site,  opened,  and  scaled  with  a  Teflon*-lincd  lid  to  serve 
as  trip  blanks.  One  tube  was  included  with  the  .sr)il  samples  intended  for  JP-4  screening  analysis,  and 
the  other,  with  the  .samples  to  be  .sent  to  ORNL  for  quantitative  analysis.  All  sampling  equipment 
was  rin.scd  sequentially  with  clean  tap  water  and  i.sopropanol  (or  acetone)  between  samples. 
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Immediately  after  collection,  all  samples  were  stored  on  blue  ice,  using  separate  coolers 
for  middle  and  lower  brass  liners,  and  were  shipped  within  24  hours  of  collection  via  overnight  air 
freight  lo  ORNL.  In  the  laboratory,  samples  were  frozen  immediately  and  held  at  -20°  C  until 
analysis.  Chain-of-custody  procedures  were  employed  throughout  sample  hand  ing  and  analysis. 

c.  Pile  Samples 

Samples  were  collected  from  the  excavated  soil  pile  in  12-inch-long  (.10-cm). 
0.75-inch-diameter  ( l.9-cm)  stainless  steel  tube  liners.  Each  sample  tube  was  driven  into  the  .soil  al  ter 
removal  of  the  auger  at  the  designated  depth  and  withdrawn  using  a  steel  rod  attached  to  the  tube 
holder.  Tubes  were  sealed,  identified,  stored,  and  shipped  identically  to  the  brass  split-spoon  liners. 

D.  SOIL  CHARACTERIZATION 

1.  Moisture  Content 

Moisture  content  was  determined  on  each  soil  sample  returned  to  ORNL  for  hydrocarbon 
analysis.  An  80-gram  sample  was  removed  from  the  brass  sleeve  liner  using  a  ct)rk  borer,  uas 
transferred  to  a  clean,  tared  8-ounce  (2.77  mL)  flint  glass  jar,  and  was  dried  to  constant  weight 
(48  hours)  at  105°  C  in  a  forced-air  oven  (Reference  8).  Moisture  content  was  cxpre.s.sed  on  a 
dry-weight  basis: 


{weight  of  veC  soil  *  Cars)  -  (weight  of  dry  soil  ■»  rare) 
(weight  at  dry  soil  *  tare)  -  care 


[1] 


2.  Bulk  Deasity 

Cores  collected  in  bra.ss  split-sptxin  sleeve  liners  from  borehtrles  .71  and  41  were  trimmed  to 
lengths  of  4  to  6  inches  (10.2  to  15.2  cm)  immediately  upon  collection:  the  length  and  weight  of  each 
wa;,  then  determined.  The  core  material  was  then  transferred  to  tared  metal  drv'ing  tins,  which  were 
transported  back  to  the  laboratory,  where  the  dry  weight  of  the  soil  was  determined.  The  dry  bulk 
density  was  calculated  as:  (dry  soil  ma.ss)/(corc  volume)  after  Reference  8. 

3.  Particle  Size  Analysis 

The  particle  size  distribution  of  selected  soil  samples  was  determined  according  to  ASTM 
procedure  D422-63  (ASTM  1985).  Samples  were  prescreened  through  a  dry  No.  10  sieve  to  remove 
gravel,  followed  by  hygrometer  determination  of  sand  |2  mm  to  .50  micrometers  (pm)j,  silt  (50  pm  to 
2  ^m),  and  clay  (less  than  2  pm)  particle  size  ranges.  Results  were  reported  as  a  mass  fraction  of  the 
total  sample. 
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E.  NEUTRON  ACCESS  TUBES 


Neutron  scattering  is  an  efficient  and  reliable  technique  far  monitaring  soil  moisture.  The 
technique  is  based  on  the  capacity  of  hydrogen  to  absorb  efficiently  the  energy  of  "fast"  neutrons 
through  collisions,  and  to  reduce  their  energy  to  the  "thermal"  neutron  range.  In  practice,  a  probe 
containing  both  a  source  of  "fast"  neutrons  and  a  detector  of  "thermal"  neutrons  is  lowered  into  the 
ground  through  an  access  tube.  The  energy  contained  in  "fast"  neutrons  radiated  into  the  soil  from 
the  source  (generally  an  alpha  particle-emitting  radioisotope  mixed  with  beryllium)  is  absorbed  by  the 
hydrogen  contained  in  water  or  organic  materials  in  the  vicinity  of  the  probe,  and  a  steady-state  field 
of  "thermal"  neutron  field,  which  u:  nea.iy  propouional  to  the  density  uf  hydrogen  l.he  'heinify  ( 10- 
25  cm  radius)  of  the  probe,  is  then  measured.  Because  the  intensity  of  the  "thermal"  neutron  field 
varies  with  soil  type,  measurements  are  most  precise  when  the  instrument  is  calibrated  in  the 
particular  soil  to  be  monitored  (Reference  9). 

1.  Installation 

Holes  for  the  three  neutron  access  tubes  were  bored  as  described  above  (Section  II.A.). 
Each  was  bored  to  a  depth  of  54  feet  (16.5  meters)  BLS  to  acaammodate  installation  of  the  tube  to 
a  depth  of  50  feet  (15.2  meters). 

The  initial  borehole  for  one  of  the  neutron  access  tubes  (NA2)  encountered  a  gravel  lens  in 
the  upper  10  feet  (.1  meters),  causing  collapse  of  the  borehole,  and  had  to  be  abandoned  after 
backfilling  with  native  soil.  Tube  NA2  was  bored,  sampled,  and  installed  successfully  about  6  feet 
away. 


The  initial  borehole  for  NAl  encountered  similar  ptobiems  and  was  abandoned.  A  second 
borehole  was  successfully  dug  and  sampled  to  a  depth  of  35  feet  (10.7  meters)  at  which  point  a  mud 
lens  was  encountered  and  collection  of  the  final  sample  was  not  possible.  A  third  boring  was  dug 
within  2  feet  (0.6  meters)  and  the  tube  was  installed  without  sampling. 

Soil  samples  were  collected  during  drilling  with  2-inch-diameter  (5.08-cm),  36-inch-long  (0.91- 
meter)  Shelby  tubes  after  augcring  to  a  point  approximately  6  inches  (15.2  cm)  above  the  desired 
sampling  depth.  Samples  were  collected  at  nominal  depths  of  3.  20,  35,  and  45  feet  (0.94,  6.1,  10.7, 
and  13.7  meters)  BLS.  Following  removal  from  the  Shelby  tube,  each  soil  sample  was  weighed  and 
placed  in  a  tared  soil  tin,  sealed,  and  returned  to  the  laboratory  for  determination  of  moisture 
content. 

Z  Cilibration 

Immediately  after  setting  of  tubes,  each  neutron  access  tube  was  logged  using  a  Troxlcr 
Model  3330  Neutron  Utgger  to  permit  calibration  of  the  instrument  against  the  moisture  contents 
of  the  soil  samples  collected  during  installation.  The  irtstrument  slope  and  zero  controls  were 
adjusted  to  1  and  0,  respectively,  in  accordance  with  the  instrunent  operating  manual.  Readings 
consisted  of  30-second  counts  at  depth  intervals  of  1  foot  (0..30  meters)  throughout  the  tubes  to  a 
final  depth  of  45  feet  (13.7  meters). 

The  moisture  contents  of  soil  samples  collected  during  installation  were  determined  according 
to  the  procedure  outlined  in  Section  II.D.  1.  Instrument  readings  were  calibrated  to  field  moisture 
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conient  by  linear  regression.  The  regressed  relationship,  which  was  used  for  the  three  tubes 
ihrciughout  the  study,  was  determined  to  be 


Moisture  content  (kgjm^)  =  0.77  (Trailer  reading)  -  14.66. 


(2) 


■Soil  moisture  logs  were  deie.'mined  before  the  operations  and  every  other  month  during  the 
venting  operation,  with  the  exception  of  the  month  of  April  1989.  During  the  periods  between 
logging,  the  Troxler  instrument  was  stored  in  a  locked  cabinet  in  the  analytical  trailer  to  prevent 
inadvertent  exposure  to  the  neutron  source. 

Soil  sampling  and  handling  procedures,  logging  procedures,  and  calibration  data  are  included 
in  unpublished  Appendix  J,  available  from  ORNL  and  AFESC  (see  Preface  for  instructions.) 

F.  SOIL  CHEMICAL  ANALYSIS 

1.  Petroleum  Hydrrxrarbt^n  Screening 

a.  Infrared  Analysis 

A  set  of  46  field  replicate  soil  samples  collectec  from  boreholes  42-44  were  screened  for 
total  hydrocarbon  content  by  a  contract  laboratory  using  freon  extraction  followed  by  infrared 
quantitation,  in  accordance  with  USEPA  Procedure  50.4E.  Correlation  of  the  analyses  with  laboratory 
anaivses  performed  on  the  replicate  pairs,  however,  was  very  low.  Results  were  generally  near  the 
detection  limit  (4  mgkg  total  hydrcKarbons),  even  for  samples  which  were  observed  to  emanate 
strong  petroleum  odors  and  samples  for  which  field  replicates  contained  high  levels  of  hydrocarbons. 
Because  of  the  apparent  potential  for  false  negative  results,  use  of  this  method  for  screening  of 
additional  samples  was  di.scontinued. 

b.  Gas  Chromatographic  Analysis 

An  alternate  .screening  methixl  utilizing  headspace  gas  chromatography  was  developed, 
tested,  verified,  and  applied  to  screening  of  samples  from  the  vent  well  and  pre.ssure  monitoring  point 
installation  boreholes.  Replicate  soil  sample  in  sleeve  liners  were  thawed,  and  approximately  20-gram 
portions  were  transferred  with  a  cork  borer  to  40-mL  VOC  vials  and  sealed  with  Tefion*  septa. 

After  equilibration  for  ,40  minutes,  a  250-microlitcr  (pL)  aliquot  of  headspace  gas  from 
each  vial  was  analyzed  for  total  hydrocarbons  in  a  Perkin  Elmer  Model  .4920  gas  chromatograph 
equipped  with  a  tlame  ionization  detector  (FID)  and  a  2-foot  x  1/4-inch  (0.61-meter  x  0.(>4-cm)  gla.ss 
column  packed  with  4  percent  OV-lOI.  Injector  and  oven  temperatures  were  150°C  and  1.40°C, 
respectively;  the  nitrogen  carrier  gas  flow  rate  was  40  mL/minute.  The  instrument  was  calibrated  with 
headspace  vapor  equilibrated  with  kerosene  in  a  VOC  vial.  Analytical  results  were  expressed  as  the 
direct  output  of  the  integrator  (Hewlett-Packard  .Model  .4.490),  measured  in  microvolt-seconds. 

To  calibrate  the  melhtxi,  a  set  of  42  replicate  soil  samples  from  the  vent  well  installation 
borings,  who.se  replicate  pair  had  already  been  analyzed  using  the  more  extensive  laboratory 


procedure,  were  analyzed  using  the  gas  chromatographic  screening  procedure.  The  logarithmic 
transformations  of  the  screening  and  analytical  data  were  highly  correlated: 


log  C  'in  mg/kg)  =  1.51  leg  (Plot  area)  *  0.82  {R^  »  0.79). 


[3] 


More  significantly,  no  samples  containing  detectable  (greater  than  20  mg/kg)  hydrocarbons 
produced  a  headspace  response  of  less  than  4.5  x  10^  integrator  units.  This  value  was  thus  selected 
as  the  respon.se  criterion  for  subsequent  laboratory  analysis  of  the  paired  replicate  sample. 

A  total  of  12  of  the  42  samples  analyzed  the  calibration  test  produced  screening  responses 
of  greater  than  4.5  x  10^  integrator  units,  with  no  hydrocarbons  (less  than  20  mg/kg)  detected  in  the 
paired  sample  analyses.  The  screening  method  therefore  sv-as  concluded  likely  to  result  in  some  false 
positive  identifications  of  samples  for  subsequent  laboratory  analysis.  Because  this  was  deemed  far 
less  objectionable  than  false  negatives  (i.  e.,  samples  falsely  identified  as  containing  undetectable 
hydrocarbtrns),  the  method  was  employed  in  screening  of  the  remaining  70  samples  from  the 
vent/monitoring  well  installation  borings.  Of  these,  a  total  of  14  were  identified  for  subsequent 
laboratory  analysis  of  the  paired  replicate. 

2.  Laboratory  Hydrocarbon  Analysis 

The  total  concentration  of  petroleum  hydrocarbons  in  soil  samples  was  determined  by  the 
ORNL  Analytical  Chemistry  Division  (ACD)  by  solvent  extraction  of  the  sample  followed  by  capillary 
column  ga.s  chromatography  with  llame  ionization  detection,  according  to  ACD  Master  Manual 
Method  N(t.  1221029,  Revisiitn  2,  15  July  1988  (included  in  Appendix  J,  unpublished,  available  from 
ORNL  and  AFESC).  Following  the  initial  round  of  sample  analy-ses  (the  tank  excavation  samples), 
the  method  was  mcxJitled  by  u.se  of  a  larger  soil-mass-to-soivent  volume  ratio  (20  grams  soiltlO  mL 
mixed  solvent)  during  the  extraction  step  to  lower  the  detection  limit  to  20  mg,4cg.  Total  hydrocarbon 
concentratictn  was  refKirted  on  an  as-received  (i.e.,  wet  weight)  basis. 

Pfistanc  was  u.sed  as  internal  standard.  A  mean  response  factor  was  determined  for  the 
entire  suite  of  hydrocarbons  separated  on  the  chromatogram  by  use  of  authentic  JP-4  standards, 
which  were  run  at  least  twice  per  analytical  run  (approximately  40  samples).  Recovery  of  JP-4  sample 
Npikes"  was  determined  at  least  once  per  analytical  run.  The  mean  JP-4  recovery  for  28  spikes  was 
107  percent  [standard  error  (SE)  =  6  percent).  Two  standards  were  run  per  analytical  run. 

Paralfins  (i.  e..  n-alkanes)  were  identified  in  chromatograms  of  .soil  .samples  by  comparison 
with  an  n-alkane  standard  mixture,  consisting  (  f  C,^  to  C, 7  compounds.  Individual  compounds  were 
cjuantilied  for  selected  samples  using  compound-specific  response  factors. 

Boiling  ranges  were  defined  by  paraffins;  each  paraffin  defined  the  high-boiling  (i.  c., 
latest-eluting)  component  within  a  boiling  range,  which  was  labeled  according  to  the  paraffin  (e.  g., 
n-decane  defined  the  high-boiling  end  of  the  C,o  range).  Gas  chromatographic-mass  spcctrometric 
analysis  of  selected  sample  extracts  was  used  to  confirm  identifications  of  compounds  within  each 
boiling  range. 
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3.  Benzene/Toluene/Xylene  (BTX) 

Selected  soil  extracts  were  analyzed  for  benzene,  toluene,  and  xylene  (BTX)  by  the  standard 
petroleum  hydrocarbon  quantitation  procedure  described  above,  but  using  a  wide-bore  capillary 
column  and  modified  chromatograph  temperatures  to  increase  resolution  of  the  low-boiling 
components. 

G.  GROUNDWATIER  ANALYSIS 

1.  Sampling  and  Handling 

Water  samples  were  collected  from  the  on-site  monitoring  well  (RST-1)  at  the  conclusion  of 
the  vertical  venting  campaign  to  determine  whether  venting  had  affected  groundwater  quality.  Water 
samples  were  collected  using  a  Teflon*  bailer  following  purging  of  3  bailer  volumes  from  the  well. 
Replicate  samples  were  collected  in  1 -liter  glass  bottles  for  semivolatiie  organics  (SVO)  analysis,  and 
in  40-mL  VOC  vials  for  volatiles  analysis.  Sample  containers  were  immediately  placed  on  blue  ice 
in  a  cooler,  which  was  shipped  to  ORNL  via  overnight  air  freight. 

2.  Analysis 

Volatile  organics  analyses  (VGA)  were  determined  by  gas  chromatography  according  to 
USEPA  Method  No.  8240  (Reference  10). 

SVO  were  extracted  from  the  water  samples  using  USEPA  Method  No.  3510,  and  were 
analyzed  by  capillary  gas  chromatography  using  USEPA  Method  No.  8270  (Reference  10). 

R  G,AS  FLOW  RATES 

The  flow  rate  of  the  gas  moving  through  the  pipes  of  the  ISSV  .system  was  determined  by 
measuring  the  velocity  of  the  gas.  Velocity  measurements  were  converted  to  flow  rates  by  multiplying 
the  velocity  by  the  cross-sectional  area  of  the  pipe.  Velocity  measuring  devices  which  were  u.scd 
include  (I)  orifice  plates,  (2)  rotameters,  and  (3)  velocity  meters.  The  How  rates  were  converted  to 
standard  flow  rates  using  an  assumed  constant  barometric  pressure  of  640  mm  Hg  (85,300  Pa.scal.s). 
corresponding  to  the  altitude  of  the  site. 

1.  Orifice  Plates 

Orifice  plates  were  used  in  several  points  in  the  soil  venting  system:  (1)  the  vertical  vent 
manifold  system,  (2)  the  pile  manifold  system,  (3)  the  lateral  vent  manifold  .system,  and  (4)  the 
di-scharge  of  the  blowers.  They  were  also  used  to  measure  the  discharge  in  the  pilot  vent  test. 
Orifice  plates  create  a  pressure  drop  which  can  be  easily  measured  by  magncheiic  gauges  or  U-tubc 
manometers.  The  pressure  drop  is  used  to  calculate  velocity  in  the  pipe,  and  thus  flow  rate,  based 
on  the  size  of  the  pipe. 

a.  Calculations  for  Flow  Rate 

The  following  formula  (Reference  11)  was  used  to  calculate  the  velocity  of  the  gas 
through  the  pipes. 
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[4] 


N 


-1 


where  V- 

C. 


g< 

AP 

P 


average  velocity  of  inlet  gas,  (L/t) 

discharge  coefficient  (dimensionless),  0.61  for  Reynolds  numbers  greater  than 
30,000  in  the  orifice 

gravity  correction  factor  for  American  engineering  units  (32.2  pounds-mass  feet  per 

pound-force  seconds^ 

pressure  drop  across  orifice  (M/Lt^ 

density  of  gas  (M/L^) 

pipe  cross-sectional  area  (L*) 

orifice  cross-sectional  area  (L*) 


The  maximum  AP  was  only  10  inches  of  water  (2500  Pascals),  so  this  equation  for 
incompressible  flow  is  satisfactory.  The  flow  rate  of  gas  in  the  pipe  was  calculated  from  the  velocity 
by  the  following  equation. 


<?  =  5,  . 


[5] 


where  Q  =  volumetric  flow  rate  of  gas  in  the  pipe  (LVt) 
b.  Standard  Flow  Rate 

The  flow  rate  was  converted  to  standard  conditions  by  the  following  equation.  Flow  rale 
correction  due  to  temperature  difference  was  considered  to  be  negligible. 


<?,  =  <?•  PIP. 


16] 


where  (2,  =  Standard  tlow  rate  of  gas  in  the  pipe  (L’/t) 

P  =  Absolute  Pressure  at  point  of  measurement  (M/Lt‘) 

P.  =  Standard  Pressure  (M/Lt*) 

2.  Rotameter 

During  the  early  operation  of  the  full-scale  system,  a  rotameter  was  initially  used  to  measure 
the  flow  rate  when  the  extraction  rates  were  low.  The  rotameter’s  full-scale  range  was  0  to 
60  standard  cubic  feet  per  minute  (scfm)  [1.70  standard  cubic  meters  per  minute  (scmm)j.  After 
extraction  rates  increased  above  60  scfm,  orifice  plates  were  used  for  measurement  ot  flow  rate. 
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3.  Velocity  Meters 

Velocity  meters  were  used  primarily  for  determination  of  relative  flow  rates  from  operating 
vents.  Two  types  of  velcKity  meters  were  used:  a  veiometcr  and  a  hot-wire  anemometer.  These 
meters  were  typically  used  at  the  head  of  the  extraction  vents.  The  maximum  velocity  was  recorded 
and  converted  to  an  average  velocity  by  multiplying  the  maximum  velocity  by  0.8.  This  method,  which 
was  obtained  from  Reference  11,  is  valid  for  conditions  of  turbulent  flow.  The  flow  rale  was 
calculated  using  equations  [5]  and  j5|. 

a.  Veiometcr 

An  Alnor  Model  6(XX)AP  vclomcter  was  used  during  the  first  24  hours  of  full-scale 
operation,  then  a  switch  was  made  to  the  rotameter  described  above.  It  was  later  used  to  determine 
the  velocity  of  the  gas  stream  from  the  individual  vents.  The  velocity  was  measured  by  inserting  the 
veiometcr  probe  into  the  pipe  perpendicular  to  the  gas  flow  and  reading  the  velocity  directly  off  the 
scale. 


b.  Hot-Wire  Anemometer 

The  gas  that  was  initially  extracted  from  the  vents  was  high  enough  in  hydrocarbon 
cijncentration  to  be  above  the  lower  explosive  limit  (LEL).  The  hot-wire  anemometer  was  not  used 
until  the  extraction  gas  from  the  vents  had  decreased  to  a  concentration  below  the  LEL  since  there 
was  .some  concern  about  in.serting  the  hot-wire  anemometer  into  an  explosive  gas  stream.  The 
concern  was  due  to  the  possibility  of  the  filament  breaking  and  causing  a  spark  which  could 
an  explosion,  rather  than  the  temperature  of  the  wire. 

I.  GAS  ANALYSES 

Gas  samples  were  collected  on  a  regular  basis  to  monitor  the  progress  of  the  ISSV 
demonstration.  Analyses  pr  ,ormed  on  the  gas  samples  included: 

•  Hydrocarb<rns  by  Gas  Chromatography  (GC)  Analysis 

•  Hydrrscarbons  by  Continuous  Analysis 

•  Explosive  Gas  by  Continuous  Analysis 

•  Carbon  Dioxide 

•  Oxygen 

•  Humidity 

1.  Hydrocarlxms  by  GC  Analysis 
a.  Collection 

Gas  samples  taken  for  GC  analysis  were  collected  by  three  methods:  (1)  Traps, 
(2)  Canisters,  and  (3)  Tedlar*  Bags. 
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(1)  Traps.  Supelco™  Carbotrap^  .^00  tubes  were  used  to  trap  hydrocarbon  samples  during 
the  single-vent  pilot  test.  The  traps  were  connected  to  the  system  by  a  1/4-inch  (0.635-cm)  valved 
tee  downstream  of  the  sampling  line  feeding  the  total  hydrocarbon  analyzer  (THA).  Results  from 
the  one-vent  test  indicated  that  the  gas  stream  was  too  concentrated  to  obtain  accurate  and 
reproducible  results  with  sampling  traps.  It  is  possible  that  the  traps  could  be  used  near  the  end  of 
the  ISSV  process  when  the  VOC  concentration  is  much  more  dilute. 

(2)  Canisters.  Brass  canisters,  which  had  been  evacuated  to  approximately  25  inches  Hg 
(84,700  Pascals)  vacuum,  were  used  to  obtain  samples  throughout  the  full-scale  test.  Samples  were 
taken  from  the  extraction  vents  through  heat-traced  valves.  Special  probes  were  attached  to  the 
canisters  to  obtain  gas  samples  from  the  oxidizers’  stacks. 

(3)  Tedlar*  Bags.  During  the  first  month  of  operation  of  the  full-scale  system,  the 
individual  extraction  vents  were  sampled  from  the  heat-traced  sampling  port  with  a  small  portable  gas 
sampling  pump  in  addition  to  sampling  with  the  brass  canister.  These  samples  were  collected  in 
Tcdlar*  bags.  Due  to  losses  and  analysis  variabilities,  these  data  were  not  used.  However,  the  results 
were  kept  on  record  as  listed  in  unpublished  Appendix  J  (available  from  ORNL  and  AFESC). 

b.  Analysis 

Ail  three  types  of  samples  were  analyzed  for  hydrocarbons  by  the  Utah  Water  Research 
Laboratory  (UWRL)  of  the  Utah  State  University  (USU).  The  data  were  presented  as  mass  of 
equivalent  compound  recovered  and  the  corresponding  vapor  concentrations.  Concentration  data 
were  provided  in  units  of  weight  of  equivalent  standard  compound  per  volume  of  air  and  included 
the  following: 

(1)  Mass  and  concentrations  of  C-5  to  C-17  n-paraffins  using  individual  retention  lime 
and  response  factors  for  each  paraffin  of  interest  in  quantitative  calibration  mixtures. 

(2)  Mass  and  concentrations  of  compounds  representing  boiling  ranges  defined  by  the 
C-5  to  C-17  n-paraffins  using  cumulative  integrated  areas  between  n-paraffin  peaks. 

(3)  Mass  and  concentration  of  total  hydrocarbons  using  a  mean  response  factor  over  the 
C-5  to  C-17  n-paraffin  range. 

(4)  Mass  and  concentrations  of  specific  aromatic  compounds  (benzene,  toluene, 
ethylbenzene,  xylenes)  using  individual  retention  time  and  response  factors  for  each 
comp<''und  of  interest  in  quantitative  calibration  mixtures. 

After  analysis,  the  samplitig  canisters  were  purged  with  nitrogen  to  remove  all  traces  of 
hydrocarbons  and  evacuated  for  reu,sc, 

2.  Hydrtxiarbons  by  Continuous  Analysis 
a.  Equipment 

A  Beckman  Industrial  MtxJel  400A  THA  was  noused  in  the  analytical  trailer  and  used  for 
continuous  determination  of  hydrexarbon  levels  in  the  system.  As  implied  by  the  name,  this 
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instrument  measures  the  quantity  of  all  of  the  hydrocarbon  compounds  in  the  gas  stream.  The 
analyzer  uses  a  FID. 

b.  Calibration 

Since  the  FID  responds  to  all  hydrocarbon  compounds,  the  instrument  is  calibrated  with 
a  particular  hydrocarbon  gas  and  the  results  arc  expressed  in  terms  of  the  calibration  gas.  For 
example,  during  the  full-scale  demonstration  hexane  was  used  to  calibrate  the  instrument,  and  the 
results  are  reported  as  ppmv  hexane  equivalent.  Ambient  air  was  used  to  set  the  zero  level  of 
hydrocarbons  in  air.  The  THA  was  calibrated  daily  using  certified  hexane  standard  gases  (.500  and 
5000  ppm  or  2590  ppm).  The  concentrations  of  hydrocarbons  (as  hexane  equivalent)  were  easily 
determined  since  the  THA  responds  linearly  in  the  range  it  was  operated. 

c.  Concentration  Measurement 

A  sidestream  (approximately  .I  liters/minute)  was  acquired  from  the  desired  sampling  point 
by  a  gas  sampling  pump  and  transferred  to  the  THA  through  insulated,  hcat-traccd  1 /4-inch  stainie.ss 
steel  or  copper  lines  to  keep  the  gas  from  condensing  in  the  sampling  lines.  The  THA  u.ses  only  a 
small  portion  of  the  sidestream,  and  the  unused  portion  was  returned  to  the  .system  for  treatment  by 
the  catalytic  oxidation  system.  The  THA  oxidizes  the  hydrocarbon  components  in  the  sample 
completely,  and  the  analyzer’s  exhaust  is  vented  to  the  atmosphere. 

The  THA  has  been  shown  to  exhibit  non-linear  behavior  above  its  full-scale  range. 
However,  since  the  feed  to  the  catalytic  oxidation  system  could  not  exceed  25  percent  LEL 
(0.325  percent  by  volume),  manual  dilution  of  the  gas  to  stay  below  the  25  percent  LEL  limit 
maintained  the  hydrocarbon  levels  below  the  THA’s  full-scale  range  during  the  full-scale 
demonstration.  The  THA  was  operated  continuously  during  the  operation  of  the  system. 

3.  Explosive  Gas  Monitor 

a.  Equipment 

A  Mine  Safety  Appliances  (MSA)  .Model  510  combustible  gas  monitor  was  u.scd  to 
monitor  the  concentration  of  hydrocarbon  levels,  in  terms  of  the  LEL,  at  four  locations:  (1) 
extraction  gas  (discharge  side  of  blower),  (2)  extraction  gas  (knock-out  drum),  (3)  near  the  ceiling 
in  the  analytical  trailer,  and  (4)  near  the  floor  of  the  analytical  trailer.  The  monitoring  head  for  the 
knock-out  drum  always  displayed  a  much  lower  concentration  than  the  monitoring  head  on  the 
discharge  side  of  the  blower.  It  is  believed  that  the  head  may  have  been  affected  by  the  vacuum 
applied  on  the  knock-out  drum,  or  there  may  have  been  small  leaks  at  the  connection,  allowing 
entrance  of  atmospheric  air, 

b.  Calibration 

Initially,  the  monitoring  heads  were  calibrated  once  per  week  with  pentane  (29  percent 
LEL),  As  the  process  continued,  it  was  apparent  that  it  was  not  necessary  to  calibrate  the  heads  as 
often.  Thereafter  each  monitoring  head  was  calibrated  with  pentane  at  least  once  per  month  as 
specified  by  the  manufacturer. 
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c  Action  Upon  Positive  Readings 


The  MSA  displayed  the  concentration  in  percent  LEL.  When  the  oxidation  unit  and 
blower  were  operated  at  the  same  How  rate,  the  MSA  was  set  up  to  activate  a  caution  alarm  when 
the  level  was  between  10  and  20  percent  of  LEL,  and  to  automatically  shut  the  blowers  down  if  the 
concentration  exceeded  20  percent.  During  the  startup  phase  of  operation,  the  oxidizer  pulled  in 
ambient  air  through  a  dilution  tee  diluting  the  concentration  by  two;  therefore,  the  concentration  of 
the  gas  from  the  vents  was  maintained  at  twice  the  normal  operating  level  during  this  period,  and  the 
shutdown  limits  for  the  circuits  measuring  the  extracted  gas  were  doubled. 

4.  Carbon  Dioxide 

Gas  samples  were  obtained  from  the  extraction  vents  for  carbon  dioxide  (CO^)  analysis  to 
monitor  the  products  of  bioactivity.  Gas  samples  were  taken  from  the  vents  with  a  small  portable  gas¬ 
sampling  pump  and  collected  in  Tedlar*  bags.  The  concentration  of  CO;  was  determined  on-site  in 
the  analytical  trailer.  The  concentration  of  CO;  was  determined  by  Sensidyne  Gastec  analyzer  tubes 
which  were  rated  in  the  ranges  .100  to  5000  ppm.  0.1.1  to  6  percent.  0.5  to  20  percent,  and  2.5  to  40 
percent  CO;.  These  tubes  were  listed  to  have  an  accuracy  of  25  percent.  A  Bacharach  Pi'RITE* 
instrument  was  also  used  to  measure  the  concentration  of  CO;  in  the  gas  sample. 

5.  Oxygen 

Gas  samples  for  the  determination  of  the  concentration  of  oxygen  (O;)  were  collected  at  the 
same  time  as  the  CO;  samples  and  in  the  same  manner.  Thc.se  samples  were  also  analyzed  on-site 
in  the  analytical  trailer.  The  concentration  of  O;  was  determined  with  a  portable  Universal 
Enterprises  Model  C5  electronic  oxygen  analyzer,  which  had  a  range  off)  to  25  percent.  A  Bacharach 
f^RITE*  instrument  was  also  used  to  determine  the  oxygen  concentration  of  the  gas  samples. 

6.  Humidity 

Humidity  in  the  extracted  soil  gas  was  monitored  to  determine  the  effect  of  venting  on  soil 
moisture  and  the  sy'stem  performance.  Humidity  was  measured  at  each  vent  head  and  the  extraction 
manifold.  The  measurements  were  made  with  a  General  E;i.stern  S(K)B  portable  combination  humidity 
temperature  probe  which  operates  using  a  bulk  polymer  capacitance  measurement. 
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SECTION  III 


SITE  CHARACTERIZATION 


During  the  Hill  AFB  soil  venting  study  113  boreholes  were  drilled  to  provide  characterization 
data  about  the  geohydrokrgy  and  petroleum  hydrocarbon  contaminant  distribution  within  the  venting 
area.  Many  of  these  boreholes  were  then  used  in  installation  of  vent  and  pressure  monitoring  wells 
immediately  fctllowing  logging  and  sample  collection. 

A  summary  of  the  borings  drilled  at  the  spill  site  is  found  in  Tabie  2.  Ail  of  the  boreholes 
installed  at  the  site  arc  shown  in  Figure  5.  Pile  samples  arc  shown  separately  in  Figure  12. 

The  boreholes  installed  beneath  the  excavation  (1-.30)  were  logged  by  observation  of  the  samples 
obtained  by  hand-augering  at  intervals.  Btxings  installed  during  the  pilot  well  installation  (31-41), 
the  borings  installed  for  investigating  potential  fc.'  migration  at  depth  and  to  the  east  (42-44),  and 
borings  associated  with  vent  and  pressure  monitoring  installations  (V1-V15,  A-BB)  were  logged  by 
inspection  of  continuous  core  as  well  as  detailed  examination  of  samples  obtained  at  regular  intervals 
with  a  lined  split  spoon.  Pile  samples  (P1-P12)  were  logged  by  examination  of  cores  collected  at 
pre-dellned  intervals.  Borings  drilled  for  installation  of  neutron  access  tubes  and  for  post-venting 
sample  collection  were  not  logged. 

A  GEOHYDROLOGY 

1.  Stratigraphy 

From  examination  of  the  borehole  logs  the  fuel  spill  site  is  characterized  in  general  as 
consisting  of  unconsolidated  to  weakly  consolidated  sand,  with  thin  lenses  of  clay.  The  sand  is 
generally  described  as  light  yellowish  brown  to  pale  brown,  very  fine  to  fine  grained,  and  poorly 
sorted.  Gravel  and  pebbles  were  reported  at  irregular  intervals  in  some  boreholes,  but  without 
continuity  between  boreholes.  Geologic  logs  of  all  borings  in  t.hc  spill  area  arc  found  in  Appendix  J 
(unpublished,  available  from  OR.NL  and  AEESC). 

East-west  cross-sections  across  the  northern  and  central  portions  of  the  site  are  shown  in 
Figure  6.  A  third  cast-west  section  across  ‘he  southern  portion  is  shown  in  Figure  7.  North-south 
cross-sections  arc  shown  in  Figures  7  and  8.  The  cross-sections  show  the  presence  of  numerous  clay 
len.ses  throughout  the  upper  40  feet  (12.2  meters)  of  sand.  Most  of  the  clay  lenses  are  6  to  12  inches 
(15  to  30  cm)  thick,  and  extend  between  no  more  than  one  or  two  adjacent  boreholes  in  most  cases. 

The  most  significant  stratigraphic  feature  at  the  site  is  a  thick  clay  layer  encountered  at  a 
depth  of  24  to  26  feet  ( 7.3  to  7.9  meters)  BLS  beneath  the  tank  excavation,  which  appears  to  be 
continuous  throughout  the  eastern  half  of  the  vertically  vented  portion  of  the  site,  appearing  at 
depths  of  .36  to  42  feet  (11  to  13  meters)  BLS  (approximately  4715  feet  (1437  meters)  above  mean 
sea  level  (MSL)|  in  borings  VIO  and  VI 1.  The  clay  layer  appears  to  be  10  to  15  feet  (3.0  to 
4.6  meters)  thick  across  the  southeastern  portion  of  the  site,  and  decreases  to  3  to  6  feet  (0.9  to 
1 .8  meters)  in  the  northern  boreholes,  dipping  slightly  from  east  to  west.  The  clay  layer  was  described 
as  ranging  in  color  from  reddish  yellow  in  the  east  to  brown  in  the  west,  occasionally  sandy  ot  silty. 
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TABLE  2.  SUMMARY  OF  BOREHOLES  INSTALLED  AT  HILL  AIR  FORCE  BASE 
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Figure  5.  I^trcalions  of  All  Horings  Drilled  al  ihe  iiill  Aid)  Duilding  914  Fuel  Spill  Site  During  ihc  Soil  Venting  Demonstration 
from  Nt)vemt>cr  19K7  through  October  1989.  CiHrrdinates  (feet)  Shown  are  the  Frojecl  Grid,  Established  Arbitrarily 
for  Project  Use. 
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6  V7  V8  42  V10  V11  43 


EXPLANATION 


SANO  gen«rolly  light  yello»iish  brown,  pole  brown, 
very  line  to  fine  groined,  wilh  epidote. 
hornblende,  ond  teldjpor,  unconsolidoted 
to  loosely  consolidoled.  slightly  to  very 
colcoreous 


HORIZONTAL  ANO 
VERTICAL  SCALE 

rtti 

0  410 _ JO 

0  1  J  « 
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clay  generolly  reddish  vellow  to  dork  brown,  sondy. 
Silty,  dry  to  moist,  plostic,  colcoreous. 


Gcolocic  East-West  Cros.s-Scctions  Across  the  Northern  and  Central  Portions  of  the 
Spill  Site,  Based  on  Logs  from  Borings  Drilled  During  the  Soil  Venting 
Demonstration  Project. 


V12  V13  VI 4  V15 


EXPLANATION 


SANO;  gerteraiiy  liqhJ  yellowish  brown,  pole  brown, 
very  line  to  (me  groined,  with  epidole, 
hornblende,  ond  leldspor,  unconsolidoted 
to  loosely  consolidoted.  slightly  to  very 
colcoreous. 


CLAY:  generally  reddish  yellow  to  doiL  brown,  sandy, 
silty,  dry  to  moist,  plastic,  colco.eous. 


HORIZONTAL  AND 
VCRTICAL  SCALE 


Figure  7.  Geologic  Ea.st-West  Cros.s- Section  across  the  Southern  Portion  of  the  Spill  oite, 
and  North-South  Cross-Section  Across  the  Western  End  of  the  Site. 
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EXPLANATION 


SAND:  g*n*rolly  light  yellowish  brown,  pole  brown, 
very  line  lo  (in#  qroined,  with  •pidole, 
hornblende,  ond  leldspor.  unconsolidoled 
to  loosely  consolidoled,  shghtiy  lo  very 
colcoreous. 


HORIZONTAI.  AND 
VERTICAL  SCALE 


CLAY:  generolly  reddish  yellow  lo  dork  brown,  sandy, 
stlly,  dry  lo  moist,  ploslic.  colcoreous. 


Figure  8.  Gcoldgic  North-South  Cross-Sections  Across  the  Center  and  Eastern  End  of  the 
Spill  Site. 
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and  calcareous,  and  was  generally  described  as  damp  to  wet,  whereas  the  discontinuous  lenses  above 
were  described  variously  as  damp  to  dry.  The  deep  clay  layer  is  seen  more  clearly  in  a  fence  diagram 
of  the  site  (Figure  9).  Because  of  its  thickness  and  likely  near-saturation  (Section  this 

underlying  clay  layer  was  expected  to  serve  effectively  as  a  lower  boundary  to  vapor  flow  throughout 
the  eastern  portion  of  the  site. 

2.  Soil  Charactexistks 

To  evaluate  sofl  particle  sizes,  14  samples  collected  from  beneath  the  tank  excavation  and 
22  samples  from  borings  31  and  41  in  the  vertical  vent  area  were  analyzed.  Results  are  shown  in 
Table  1  of  Appendix  A.  Samples  from  depths  logged  as  'sand*  during  boring  contained  in  all  cases 
more  than  90  percent  sand  and  gravel.  Samples  identified  as  'clay"  during  logging  [i.  e.,  samples  at 
depths  of  24  feet  (7.3  meters)  ELS  or  greater  beneath  the  tank  excavation,  and  below  35  feet  (10.7 
meters)  BLS  in  boring  41]  contained  2U  to  40  percent  clay-size  particles,  with  the  exception  of  a 
sample  from  boring  31,  25  feet  (7.6  meters)  BLS,  which  contained  only  6.9  percent  clay.  The  boring 
41,  10  feet  (3.0  meter)  BIS  sample  is  a  clay  lens  identified  during  drilling.  The  sample  from  boring 
24,  10  feet  (3.0  meter)  depth  represents  a  transitional  zone  from  sand  to  clay  (12.1  percent  clay). 
"Qay"  samples  from  beneath  the  tank  excavation  and  lenses  in  borings  31  and  41  contained  17  to  30 
percent  gravel  and  sand;  samples  from  the  continuous  bed  encountered  at  a  depth  of  35  feet  (10.7 
meters)  BIS  in  boring  41,  in  contrast,  contained  only  7  to  1 1  percent  sand  and  no  gravel. 

Dry  bulk  density  was  determined  for  the  22  samples  from  borings  31  and  41  using: 

bulk  density  =  (  ^  .  17] 

(core  volume^  100+  moisnjre  percent) 


A  range  of  values  from  1.44  to  1.99  grams/cm^  was  determined.  Mean  bulk  densities  were  1.67 
[Standard  Error  (SE)  =  0.06]  grams/cm^  for  17  "sand*  samples  and  1.65  grams/cm*  (SE  =  0.03)  for 
5  'clay'  samples.  Ba.sed  on  these  values  and  the  sample  moisture  contents,  the  mean  porosities  of 
"sand*  and  "clay"  samples  were  0J7  (SE  =  0.06)  and  0.38  (SE  =  0.03)  as  determined  by 

porcio-  .  1.0  -  .  18) 


Mean  air-filled  porosities  were  0.35  (SE  =  0.05)  and  0.04  (SE  =  0.04)  as  determined  by 

ail -filled  porosity  «  porosity  -  (bulk  density)/  j  .  [9] 
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Fuel  Spill  Site,  Based  on  Geologic  Cross-Seclions 


The  low  value  for  clay  reflects  the  high  moisture  content  of  the  clay  samples  from  these  borings, 
which  was  generally  true  throughout  the  site  (Section  II1..A.S). 

3.  Moisture 

a.  Soil  Sample  Analyses 

Throughout  all  the  spill  site,  the  moisture  of  sand  samples  throughout  the  upper  40  feet 
(12.2  meters)  BLS  [and  to  a  depth  of  24  feet  (7.3  meters)  BLS  beneath  the  tank  excavation]  was 
generally  3  to  7  percent.  The  same  range  occurred  in  the  pile.  Higher  values  (10  to  25  percent)  in 
the  sand  were  generally  associated  with  interfaces  with  clay  lenses. 

Samples  collected  at  the  surface  of  and  within  the  underlying  clay  layer  from  boreholes 
V2.  V3,  V4,  V9,  and  VlO  at  depths  of  greater  than  approximately  40  feet  (12.2  meters)  generally  had 
moisture  contents  of  23  to  .30  percent,  suggesting  near-saturated  conditions  at  the  clay  layer.  Water 
was  encountered  in  boreholes  J  [47  feet  (14.3  meters)  BLS]  and  Y  [60  feet  (18.3  meters)]  during 
installation.  In  addition,  the  following  boreholes  caved  in  at  depth  during  installation,  indicating 
saturated  conditions:  V5  [52  feet  (15.8  meters)  BLS],  V6  [5.3  feet  (16.2  meters)],  V8  [49  feet 
(14.9  meters)],  Vll  [50  feet  (15.2  meters)].  V13  [5.3  feet  (16.2  meters)].  V14  [5.3  feet  (16.2  meters)], 
and  N  [48  feet  (14.6  meters)].  Boring  16  beneath  the  excavated  tanks  also  caved  at  a  depth  of 
.3 1  feet  (9.4  meters)  BLS.  These  results  arc  indicative  of  saturated  conditions  across  much  of  the  spill 
site  at  a  depth  of  approximately  45  to  55  feet  (1.3.7  to  16.8  meters),  corresponding  to  water  levels 
recorded  in  monitoring  well  RST-1  prior  to  the  venting  period. 

Moisture  content  of  11  pairs  of  replicate  samples  from  the  vent  well  borings  are  shown 
in  Table  2  of  Appendix  A.  The  mean  coefficient  of  variation  (CV)  among  the  samples  was 
20.9  percent  of  the  mean,  A  complete  set  of  soil  moisture  data  is  found  in  Tables  .3  and  4  of 
Appendix  A. 

B.  HYDROCARBON  CONTAMINATION 
1.  Total  Hydrtxtarbons 

During  the  study,  465  soil  samples  were  analyzed  for  total  petroleum  hydrocarbons.  This 
total  includes  .31  field  replicates  (6.7  percent  of  the  total)  and  1.3  trip  blanks  (2.8  percent).  The  total 
also  includes  49  bia.sed  samples  collected  from  continuous  corc.s  at  the  interfaces  of  sand  and 
underlying  clay,  and  returned  to  the  analytical  laboratoty  in  jars.  The  total  includes  50  soil  samples 
which  were  analvzcd  for  total  hydrcKarbon  following  screening  analysis,  but  does  not  include  49 
samples  which  were  determined  by  screening  analysis  to  contain  le.ss  than  20  mg-'lcg  hydrocarbons,  and 
therefore  were  not  analv-zed  by  the  full  analytical  procedure. 

The  distribution  of  sample  analyses  among  the  different  rounds  of  sampling  is  shown  in 
Table  .3.  Analytical  reports  for  all  samples  analyzed  arc  included  in  Appendix  J  (unpublished, 
available  from  ORNL  and  AFESC). 

In  addition  to  the  27  field  replicates,  18  samples  were  analyzed  in  duplicate  in  the  analytical 
laboratory  by  removal  of  a  second  soil  aliquot  from  the  core,  re-extraction,  and  rcanalysis.  The  latter 
replicates  thus  represent  a  measure  of  composite  variability  introduced  both  by  the 


sampling/handling/extractiori/analysis  procedure,  and  by  soil  heterogeneity  on  the  scale  of  several 
inches.  Field  replicates  include  these  sources  of  variability,  plus  soil  heterogeneity  on  the  scale  of 
6  to  12  inches. 

Field  and  laboratory  replicates  are  summarized  in  Table  5  of  Appendix  A  Of  the  15 
laboratory  duplicate  analyses  of  pre-venting  soil  samples  in  which  hydrocarbons  were  detected,  the 
mean  coefficient  of  variation  (C^O  was  26  percent  of  the  mean.  The  CV  appears  unrelated  to 
hydrocarbon  concentration,  as  would  be  expected  if  variance  is  directly  related  to  the  hydrocarbon 
concentration.  As  would  be  expected,  logarithmic  transformation  appears  to  equalize  the  standard 
error  (SE)  of  analytical  means. 

Field  replicates,  as  would  be  expected,  had  a  larger  variation  than  did  laboratory  replicates. 
Of  the  19  replicate  pairs  of  pre-venting  soil  samples  which  contained  hydrocarbons  abwe  the 
detection  limit  (20  mg/Tcg),  the  mean  CV  was  41.6  percent  However,  at  least  one  sample  pair 
(871109-152  and  -153)  were  visibly  different  in  the  soil  horizon  sampled.  If  this  sample  pair  is  not 
considered,  the  mean  CV  is  reduced  to  35.7  percent 

TABLE  3.  SUMMARY  OF  LABORATORY  ANALYSES  FOR  TOTAL  HYDROCARBONS 
CONDUCTED  DURING  THE  HILL  AFB  SOIL  VENTING  DEMONSTRATION 


BOREHOLE  NOS. 

CORES 

BIASED 

SAMPLES 

FIELD 

REPUCATES 

TRIP 

BLANKS 

TOTALS 

PRE-VENTING 

BHl  to  BH.30 

43 

13 

5 

3 

64 

BH31,  41 

on 

0 

2 

2 

26 

BH42  to  44 

24 

7 

0 

2 

33 

VI  to  V15,  E,  Y 

143 

20 

11 

1 

175* 

PI  to  P12 

39 

0 

0 

1 

40^ 

POST-VENTING 

VIA  to  V15A  E 

92‘ 

9 

9 

2 

112 

PIA  to  P6A 

13 

0 

0 

2 

15 

TOTAL  376  49  27  13  465 


‘Does  not  include  14  laboratory  duplicate  analyses. 
’’Does  not  include  4  laboratory  duplicate  analyses. 
‘Includes  4  hand-augered  core  samples. 
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a.  Beneath  Excavated  Tanks 


Analyses  of  samples  collected  from  the  excavation  are  summarized  in  Table  6  of  Appendix 
A.  Of  the  30  boreholes  cored  in  this  area,  14  were  sampled  for  hydrocarbon  analysis.  Most  of  the 
borings  were  sampled  at  depth  intervals  of  15J  to  16.5  feet  (4.7  to  5.0  meters)  BLS,  21.5  to  22.5  feet 
(6.6  to  6.9  meters)  BLS,  and  at  the  interface  between  sand  and  the  underlying  clay  (generally  26  to 
27  feet  (7.9  to  8.2  meters)  BLS].  One  borehole  (16)  was  sampled  at  1-foot  (0.3-meter)  intervals  to 
completion  at  31  feet  (9.4  meters)  BLS. 

Because  the  sampling  procedure  used  during  this  initial  round  of  sampling  resulted  in  loss 
of  volatile  components  (Section  III.B.3),  the  absolute  values  of  hydrocarbons  are  probably 
underestimated  in  the  analytical  data  by  as  much  as  20  to  25  percent.  These  analytical  values  should 
therefore  be  used  to  provide  a  qualitative  delineation  of  the  extent  of  contamination,  and  as  a 
semiquantitative  estimate  of  pre-venting  hydrocarbon  levels. 

Total  hydrocarbons  in  excavation  samples  ranged  from  below  detection  (100  mg/kg  for 
early  samples)  to  6400  mg'Tcg.  Gancentrations  were  highest  in  the  upper  samples  [i.e.,  15  to  24  feet 
(4.6  to  7.3  meters)  BLS];  the  highest  value  in  a  borehole  occurred  at  the  26-  to  27-foot  (7.9-  to  8.2- 
meter)  depth  only  in  borehole  1.  In  borehole  16,  which  penetrated  about  7  feet  (2.1  meters)  into 
the  underlying  clay  layer,  hydrocarbon  concentrations  were  higher  in  sand  than  in  the  clay,  but  were 
detectable  at  levels  of  100  to  800  mg/kg  at  all  depths  sampled  within  the  clay.  With  the  exception 
of  isolated  "hot  spots,"  highest  concentrations  occurred  in  the  borings  just  south  of  the  middle  of  the 
tank  excavation  (i.e.,  12,  16,  18,  23,  and  24).  No  contamination  was  detected  below  the  upper  soil 
layer  in  samples  from  the  northernmost  borings  (28,  29,  or  30). 

b.  Deep  Exploratory  Boreholes 

To  assess  the  potential  that  fuel  residues  had  penetrated  into  the  clay  layer  beneath  the 
tanks  or  other  clay  layers  beneath  the  site,  or  had  extended  further  to  the  east  than  the  boundary  of 
the  tank  excavation,  three  borings  (42,  43,  and  44)  were  augered  and  sampled  in  June  1988 
(Figure  10),  Although  these  borings  were  samnied  at  5-foot  (1.5-meter)  intervals,  to  address  the 
objectives  outlined  above  only  samples  from  ,pths  below  50  feet  (15.2  meters)  BLS  (along  with 
several  samples  which  produced  strong  petroleum  odors  during  sampling)  were  analyzed. 

Results  of  these  analyses  are  summarized  in  Table  7  of  Appendix  A.  At  least  one  sample 
collected  at  depths  of  6  to  16.5  feet  (1.8  to  5.0  meters)  BLS  from  each  borehole  had  detectable 
hydrocarbons,  with  levels  ranging  as  high  as  1780  mg/kg.  In  contrast,  no  hydrocarbons  were  detected 
in  any  sample  from  the  three  boreholes  at  depths  greater  than  50  feet  (15.2  meters)  BLS.  The  results 
suggest  that  hydrocarbons  may  be  present  at  low  concentrations  east  of  the  tank  excavation  in  the 
upper  soil  zone,  but  confirm  that  the  fuel  did  not  penetrate  into  the  clay  layer  beneath  the  eastern 
portion  of  the  site. 

c.  Vertical  Vent  Area 

Borings  sampled  during  vent  well  installation  are  shown  in  Figure  1 1;  Analyses  of  samples 
collected  during  boring  are  summarized  in  Table  8  of  Appendix  A.  Analyzed  hydrocarbon 
concentrations  range  from  less  than  20  mg/kg  (the  detection  limit  by  later  improved  analyses)  to  a 
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Figure  1 1.  Urcalions  ol  Vcnl  Well  and  Pressure  Moniloring  Point  Borings  Which  Were  Sampled  During  Pre- Venting  Characteri/ati> 


sample  from  VIO  containing  20,400  mg/kg  (more  than  2  percent  by  weight).  Following  the  initial 
round  of  analyses,  remaining  samples  were  screened  for  hydrocarbon  content  by  headspace  analysis 
(Section  ILF.).  Those  samples  identified  as  containing  less  than  20  mg/kg  hydrocarbons  were  not 
analyzed  further;  the  hydrocarbon  concentrations  of  these  analyses  appear  in  parentheses  in  Table 
8  of  Appendix  A. 

Concentrations  were  highest  in  samples  from  borings  V2-4,  V6,  V9-11,  and  E.  All  of 
these  are  located  across  the  northern  and  central'eastem  portion  of  the  site,  and  are  generally 
correlated  with  the  SAIC  pre-boring  soil  vapor  survey  results  (Section  LB.2.C).  Highest  hydrocarbon 
levels  were  generally  found  at  the  upper  surface  of  clay  layers.  The  following  biased  samples  were 
collected  at  the  sand/clay  interface:  23.5  to  25  feet  (12  to  7.6  meters)  in  V2,  37.5  to  38  feet  (11.4 
to  1 1.6  meters)  in  V3,  17.5  to  18  feet  (5.3  to  5.5  meters)  in  V4,  46.5  to  47  feet  (14.2  to  14.3  meters) 
in  V8,  38.5  to  39  feet  (11.7  to  1 1.9  meters)  in  VIO,  and  35 J  to  36  feet  (10.8  to  11.0  meters)  in  VI 1. 
High  hydrocarbon  levels  at  these  interfaces  may  represent  "pooling"  of  fuel  during  penetration 
downward  under  the  force  of  gravity.  Sharp  gradients  were  sometimes  observed  above  such  layers, 
such  as  in  the  two  "replicate"  samples  from  23.5  to  25  feet  (7.2  to  7.6  meters)  in  V2;  the  lower  sample 
(5700  mg/kg)  was  collected  at  the  interface  between  sand  and  clay,  while  the  "replicate"  sample 
(70  mgkg)  represents  a  bulk  sand  .<^ample  from  the  middle  split-spoon  liner  collected  6  inches  (15  cm) 
higher.  The  ^-fold  difference  between  these  two  analyses  is  far  higher  than  expected,  and  probably 
represents  a  real  hydrocarbon  concentration  gradient  at  the  sand/clay  interface. 

d.  Pile 

Locations  of  borings  in  the  pile  for  pre-venting  and  post-venting  sample  collection  are 
shown  in  Figure  12.  Analyses  of  pre-venting  samples  from  the  excavated  pile  are  summarized  in 
Table  9  of  Appendix  A.  Total  hydrocarbons  range  from  undetectable  (less  than  20  mg/kg)  to 
3450  mgkg.  Highest  concentrations  were  observed  in  the  western  end  of  the  pile  (borings  P1-P6); 
the  highest  value  determined  in  the  eastern  half  of  the  pile  was  65  mg/kg.  In  borings  P1-P6,  the 
maximum  value  in  each  boring  occurred  in  the  middle  or  lower  depth,  suggesting  that  upper  layers 
may  have  been  depleted  in  hydrocarbons  due  to  volatilization  prior  to  venting. 

Z  Benzene,  Toluene,  and  Xylene  (BTX) 

Concentrations  of  BTX  were  determined  in  the  extracts  of  nine  soil  samples  (plus  a 
duplicate)  from  the  pre-venting  sampling  campaign.  Samples  were  selected  for  analysis  on  the  basis 
of  (1)  high  total  hydrocarbon  concentrations  and  (2)  being  representative  of  different  areas  of  the 
vertical  vented  site.  Sample  results  are  summarized  in  Table  10  of  Appendix  A. 

Benzene  was  not  detected  (20  mg/kg  detection  limit)  in  any  of  the  samples.  Toluene  and 
xylenes  were  found  at  levels  of  up  to  308  and  600  mg/kg.  respectively.  The  BTX  compounos 
constituted  from  less  than  0.2  percent  to  more  than  20  percent  of  the  total  hydrocarbons  in  individual 
samples  (mean:  9.0  percent). 

3.  Hydrocarbon  Boiling  Ranges 

Absolute  concentrations  and  relative  proportions  of  hydrocarbon  boiling  ranges  for  several 
representative  samples  from  the  sub-cxcavation  borings,  the  pile,  and  the  vent  well  borings  are 
summarized  in  Tables  1 1  and  i2  of  Appendix  A.  In  each  case  the  predominant  hydrocarbons  are 
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APPROXIMATE  AREA 
OF  CONTAMINATED  SOIL  PILE 
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SAMPLED  AND  BACKFILLED  BOREHOLES  DONE  PRIOR  TO  VENTING 

SAMPLED  AND  BACKFILLED  BOREHOLES  DONE  AFTER  VENTING 

- VENT  PIPES 


fractions  whose  boiling  range  corresponds  to  that  of  9-,  10-.  and  11-carbon  aliphatic  hydrocarbons 
(referred  to  hereafter  as  C-9,  C-10  and  C-11  hydrocarbons,  respectively). 

Hydrocarbon  distributions  in  samples  from  the  vertical  vent  barings,  relative  to  that  of  a  JP-4 
standard,  are  shown  in  Figures  1.3  through  16.  Figure  1.1  shows  that  the  distribution  in  1  samples 
from  vent  wells  V4,  V15,  and  pressure  monitoring  point  E  are  virtually  identical.  A  nearly  identical 
pattern  is  also  seen  in  a  VI 1  sample  (Figure  14),  and  in  samples  collected  earlier  from  borings  11 
(V7)  and  41  (Figure  15).  In  each  of  the  6  samples  the  hydrocarbon  ranges  appear  to  be  depicted 
of  the  C-6  through  C-9  fractions,  which  form  the  predommant  portion  of  the  JP-4  standard.  The 
C-12  through  C-15  fractions  similarly  appear  to  be  depleted  in  the  6  soil  samples. 

A  quite  different  hydrocarbon  distribution  pattern  is  illustrated  in  Figure  16.  which  shows  a 
comparison  between  a  sample  from  boring  V2  and  boring  E  The  latter  serves  as  a  repre.sentative 
of  the  more  common  pattern  found  in  the  vertically  vented  area.  In  comparison,  the  V2  sample  is 
even  more  significantly  depleted  in  the  lighter  C-7.  -8.  and  -9  hydrocarbons.  Visual  comparison  of 
the  chromatographic  scan  of  a  V2  sample  whh  that  from  E  (Figure  17)  dcmon.strates  the  difference 
in  appearance  of  the  two  hydrocarbon  distributions.  The  diiTercnce  is  sufficiently  great  to  suggest 
that  the  chromatograms  represent  different  starting  maieriak.  Because  V2  is  adjacent  to  the  waste 
oil  storage  tanks,  the  difference  in  hydrocarbon  distributions  may  indicate  that  a  different  oil.  other 
than  JP-4,  was  spilled  in  the  vicinity  of  V2  at  some  point  in  the  past. 

Figures  18  and  19  show  samples  that  for  different  reasons  received  substantially  greater 
exposure  to  the  atmosphere  than  did  the  samples  shown  in  Figures  11  through  16.  Three 
representative  hydrocarbon  distributions  from  samples  collected  beneath  the  tanks  are  shown  in 
Figure  18.  The  hydrocarbon  distribution  from  boring  26  appears  similar  to  those  of  the  vent  well 
borings,  although  with  a  higher  proportion  of  C-11  through  C-16  hydrocarbons.  In  contrast  to  the 
vent  boring  samples,  however,  the  samples  from  borings  5  and  U>  show  nearly  equal  proportions  of 
C-10  and  C-1 1  hydrocarbons.  Both  samples  are  depleted  in  C-7  through  C-9  hydrocarbons  relative 
to  Figures  11  through  15;  in  boring  5.  no  C-7,  -8,  or  -9  hydrocarbons  arc  present  at  all.  The 
reduction  of  more  volatile  hydrocarbon  fractions  may  be  due  to  aeration  during  sample  collection; 
these  initial  samples  were  collected  with  a  bucket  auger,  mixed  with  a  spatula,  and  packed  into  jars 
for  shipment.  It  seems  quite  likely  that  the  depletion  of  lighter  hydrocarbon  fractions  is  therefttre 
due  to  sampling,  and  docs  not  reflect  actual  differences  in  the  soil  hydrocarbon  distribution  relative 
to  the  vent  borings.  Rei.itive  to  .samples  from  V4.  Vi 5.  end  E.  the  depleted  C-7  through  C-9 
hydrocarbons  may  consliiutn  an  underestimate  of  the  actual  .Hydroctirbon  concentration  of  as  much 
as  20  to  25  percent. 

Two  hydrocarbon  distributions  from  pre-venting  pile  samples  arc  shown  in  Figure  19.  In 
comparison  with  a  representative  sample  from  the  vertical  bterings  (E).  both  are  depleted  in  liehter 
(C-7  through  C-9)  hydrocarbons.  Tine  pile  soil  was  removed  by  excavation  and  mounded  at  the  pile 
site;  in  this  process  the  .soil  undoubtedly  was  aerated  it)  sorac  extent,  which  may  account  for  the 
reduced  relative  profK^rtion  of  lighter  hydrcx'arbons. 

C  INITIAL  HYDROCARBON  MASS 

To  determine  the  initial  hydrocarbon  mass  in  the  three  vested  are:is  (i.  e.,  the  vertical  vent  zone, 
the  lateral  vent  zone  beneath  the  itir.ks,  .ind  the  pile),  each  arcvi  was  subdivided  into  sub-are;is.  each 
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Figure  13.  Proponion.s  of  Hydrocarbons  in  Fractions  Identified  by  Apparent  Carbon  Number  in 
Representative  Samples  from  Pre-Venting  Borings  V4.  Vl5.  and  E  from  the  Vertical 
Vent  .Area.  Authentic  JP-4  Standard  Profile  Included  for  Comparison. 


Figure  14.  Prop<3rtion.s  of  HydrtKarbons  in  Fractions  Identified  by  Apparent  Carbon  Number  in 
Reprc-scniativc  Samples  from  Pre-Venting  Borings  VI 1  and  E  From  the  Vertical 
Vent  Area.  Authentic  JP-4  Standard  Profile  Included  for  Comparison. 
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Figure  15.  Proportions  of  Hydrocarbons  in  Fractions  Identified  by  Apparent  Carbon  Number  in 
Representative  Samples  From  Pre- Venting  Borings  BH.^1  and  BH41  From  the 
Vertical  Vent  Area.  Authentic  JP-4  Standard  Profile  Included  for  Comparison. 
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Figure  16.  Comparison  of  Hydr(Karb<m  Profile  From  a  Sample  Frttm  Boring  V2  With  a  Profile 
(E)  Representative  of  Most  of  the  Vertical  Vent  Samples. 
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Figure  17.  Oimpauson  of  Ga.  Chroraalographic  Scans 

Boring  V2  With  a  Scan  (E)  Representative  of  Most  of  the  Vertical  vcni 

Sample*. 


Fig-jre  18.  Proportions  of  Hydrocarbons  in  Fracuons  Identified  by  Apparent  Carbon  N-ambe*' 
in  Representative  Samples  From  Sub-Tank  Excavation  Borings  BH5.  BH16,  and 
BH26.  Authentic  JP-4  Standard  Protlle  Included  for  Comparison. 


Figure  19.  Comparison  of  HydrcKarNtn  Profile  From  a  Sample  From  Pile  Borings  P2  and  P5 
With  a  Profile  (E)  Representative  of  Most  of  the  Vertical  Vent  Samples. 


containing  a  single  boring.  The  volumes  beneath  these  areas  were  then  divided  into  "slices"  whose 
lower  boundary  (in  depth  BLS)  coincided  with  the  bottom  of  a  core  sample  interval.  The 
hydrocarbon  concentration  of  each  volumetric  subsection  could  thus  be  represented  by  the  analyzed 
hydrocarbon  concentration  of  a  single  core  analysis  (or  by  the  mean  of  a  field  or  laboratory  replicate 
pair  of  analyses).  Biased  samples  were  considered  representative  of  the  sampled  zones  in  the  same 
manner  as  samples  obtained  at  regular  spacing. 

Because  the  hydrtxrarbon  concentrations  were  reported  on  an  as-received  (i.  e.,  wet  weight)  basis, 
the  concentration  of  each  volumetric  subsection  was  converted  to  a  dry-weight  basis  before 
determination  of  the  hydrocarbon  mass  within  each  soil  volume.  The  mean  dry  bulk  density 
determined  for  the  site  (1.67  grams/Cm^)  was  used  as  a  constant  throughout  the  analyses. 

1.  Vertical  Vent  Area 

The  areas  defined  for  the  vertical  vent  area  are  shown  in  Figure  20.  The  interior  boundaries 
of  each  rectangular  area  arc  the  approximate  midpoints  of  the  distance  between  adjacent  borings. 
Both  boreholes  E  and  Y,  which  were  sampled,  are  included  in  the  analysis.  Boreholes  42  and  43, 
which  were  sampled  but  only  arialyzcd  intermittently,  are  not  included  in  the  analysis.  The  outer 
boundaries  of  the  area  are  defined  as  a  distance  from  the  outermost  borings  approximately  equal  to 
the  20-foot  (6.1 -meter)  distance  between  adjacent  borings. 

Results  of  the  analysis  for  the  vertical  vent  well  soil  volume  are  shown  in  Table  4.  This  table 
represents  a  summary  of  the  analysis;  complete  worksheets  are  included  in  Appendix  G,  in  which  the 
pre-venting  and  post-venting  fuel  masses  are  compared  in  evaluation  of  the  effectiveness  of  the 
''cnting  operation.  The  total  pre-venting  hydrocarbon  mass  in  the  vertical  vent  area  was  calculated 
ne  .30,760  pcjunds  (13,952  kg).  Of  this  figure,  more  than  65  percent  occurs  in  the  four  sub-areas 
ot  ghost  hydrocarbon  mass  (V2.  V4,  V9,  and  VIO).  The  four  vent  sub-areas  along  the  northern 
bouiioary  constituted  41.1  percent  of  the  total  mass,  while  the  three  along  the  southern  border  (V13 
through  15)  a^mpri.sed  only  3.1  percent  of  the  total.  The  three  western  most  sub-areas  (VI,  V5,  and 
V12)  comprised  only  0.8  percent  of  the  total  hydrocarbon  mass. 

The  total  fuel  ma.ss  in  the  vertical  vent  zone  was  also  determined  by  computerized  calculation 
of  the  volumes  (courtesy  of  Dynamic  Graphics.  Inc.)  of  nested  equal-concentration  "shells*  and 
calculating  the  hydrocarbon  concentration  on  the  basis  of  the  computed  soil  masses  (as.suming  a  bulk 
density  of  1.67  gram.s,cm’).  Results  of  this  calculation  are  shown  in  Table  5.  The  total  hydrocarbon 
mass  is  computed  to  be  38.780  pounds  (17,590  kg),  or  approximately  26  percent  higher  than  the 
estimate  computed  on  the  ba.sis  of  rectangular  sub-volumes.  However,  the  latter  figure  docs  not  take 
into  account  the  water  content  of  the  soil.  If  a  mean  moisture  content  of  9  percent  is  assumed,  the 
wrrcctcd  mass  would  be  ( 1 7,5‘7()/1.09),  or  16,1.38  kg.  Because  this  value  is  necessarily  based  on 
armputcr  interpolation,  it  is  a  step  further  removed  from  the  initial  concentration  data  than  is  the 
method  of  rectangular  sub-volumes.  The  figure  of  .30,760  pounds  (13,952)  kg  is  therefore  more 
directly  defensible,  and  will  be  used  throughout  subsequent  calculations  of  hydrocarbon  removal 
efficiency  (Section  V.J). 

2.  Area  Beneath  Tank  Icxcavation 

The  area  beneath  the  lank  excavation  was  subdivided  into  14  sub-areas  in  the  same  manner 
as  the  vertical  well  area,  with  each  sub-area  approximately  centered  on  a  borehole.  The  layout  of 
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TABLE  4.  SUMMARY  OF  PRE-VENTING  HYDROCARBON  MASSES  IN  THE 
VERTICAL  VENT  AREA 


AREA 

FUEL  MASS 

(k«) 

FRACTION  OF  TOTAL  MASS 
(%) 

VI 

38.7 

0.3 

V2 

2652 

18.9 

V3 

1170 

8.4 

V4 

1878 

13.5 

V5 

28.7 

0.2 

V6 

1001 

7.2 

V7 

274 

10 

V8 

261 

1.9 

V9 

2461 

17.5 

VIO 

2124 

15.2 

Vll 

722 

5.2 

V12 

36.0 

0.3 

VT3 

31J 

0.2 

V14 

193 

1.4 

V15 

204 

1.5 

E 

864 

6.2 

Y 

119 

0.1 

TOTAL 

13,952 

100.0 

sub-areas  is  shown  in  Figure  21.  Boundaries  between  sub-areas  were  defined  to  bisect  the  distance 
between  adjacent  boreholes.  The  central  area,  in  which  no  borehole  could  be  drilled  because  of  a 
large  concicte  block,  was  not  used  in  the  analysis.  Fuel  concentrations  were  converted  to  a 
dry-weight  basis  by  applying  mean  moisture  contents  determined  on  representative  samples  [0.09  and 
0.27  for  samples  above  and  below  10-foot  (3.0-mctcr)  depth,  respectively). 

Detailed  results  arc  shown  in  Table  13  of  Appendix  A.  The  total  fuel  mass  estimated  for  the 
soil  volume  was  7880  pounds  (3574  kg).  More  than  67  percent  of  this  figure  is  in  the  central-south 
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TABLE  5.  PRE-VENTING  FUEL  MASS  IN  VERTICAL  VENT  AREA  (ESTIMATED  BY 
DYNAMIC  GRAPHICS,  INC.) 


JP-4  CONCENTRATION 
(mgAg) 

1  LOWER 

UPPER 

MEAN 

SOILMA^ 

(tg) 

FUEL  MASS 

(k«) 

0 

20 

10 

26,310,579.41 

263.11 

21 

50 

35 

2,421,856.36 

84.76 

51 

100 

75 

3,145,957.28 

235.95 

101 

200 

150 

3,937,656.07 

590.65 

201 

300 

250 

2JS27,240.31 

706.81 

301 

400 

350 

2,306,037.11 

807.11 

401 

5fO 

450 

1,965,214.74 

884.35 

501 

600 

550 

1,737,605.71 

955.68 

601 

700 

650 

1,547,449.12 

1005.84 

701 

800 

750 

1341,940.76 

1006.46 

801 

900 

850 

130U91.27 

1021.18 

901 

1000 

950 

1,107,469.32 

1052.10 

1001 

1500 

1250 

3530388.44 

4413.24 

1501 

2000 

1750 

1,426,058.58 

2495.60 

2001 

2500 

2250 

539335.88 

1213.51 

2501 

3(XX) 

2750 

173,177.90 

476.24 

3001 

4000 

3500 

77,841.85 

272.45 

4001 

5000 

4500 

14,197.78 

63.89 

5001 

7500 

6250 

6124.62 

38.28 

7501 

10000 

8750 

312.14 

2.73 

TOTAL 

17.590 
(38,786  lb) 
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sub-areas  (borings  12,  16,  18,  23,  and  24),  approximately  beneath  the  location  of  the  valve  which 
caused  the  1985  spill.  As  pointed  out  in  Section  III.B.l(a),  hydrocarbon  concentrations  in  this  area 
probably  underestimate  the  actual  fuel  concentrations  by  20  to  25  percent  due  evaporative  loss  of 
lower-boiling  hydrocarbons  (C-6  to  C-9)  during  sampling.  A  more  realistic  estimate  of  the  fuel 
content  in  this  area,  therefore,  may  be  between  9456  and  9850  pounds  (4289  and  4468  kg).  These 
figures  would  still  be  less  than  32  percent  of  the  vertical  vent  area  total  of  30,760  pounds  (13,952  kg). 

3.  Pile 

To  calculate  the  volume  of  hydrocarbons  in  the  pile,  the  trapezoidal  solid  pile  was 
approximated  as  three  rectangular  solid  layers  (Figure  22).  Each  layer  was  subdivided  into  12  sub- 
areas,  based  on  the  locations  of  the  sampled  boreholes.  The  thickness  of  each  sub-volume  was 
designated  as  extending  to  the  bottom  of  the  soil  sample,  the  hydrocarbon  analysis  of  which  was  used 
to  determine  the  soil  hydrocarbon  mass.  Because  the  pile  was  thicker  along  the  southern  side  than 
the  northern,  sub-volumes  in  the  lowest  layer  decreased  in  thickness  from  the  southern  edge  (Pi,  4, 
7,  and  10)  toward  the  north. 

Results  arc  shown  in  Table  6.  For  each  borehole,  data  from  the  three  layers  are  combined 
to  give  an  estimate  for  the  borehole.  This  table  represents  a  summary  of  the  analysis;  complete 
worksheets  are  included  in  Appendix  G,  in  which  the  pre-  and  post-venting  fuel  masses  in  the  pile 
are  compared  in  evaluation  of  the  effectiveness  of  the  venting  operation.  The  total  pre-venting  fuel 
mass  in  the  pile  is  calculated  as  2190  pounds  (994  kg).  Of  this  figure,  all  but  2.3  percent  is  found  in 
the  western  half  of  the  pile  (PI  through  P6). 

4.  Totals 

The  total  mass  of  fuel  hydrocarbons  calculated  to  be  present  in  the  soil  in  the  three  volumes 
to  be  vented  is;  vertical  vents  -  30,760  pounds  (13,952  kg),  beneath  tank  excavation  -  7879  pounds 
(3574  kg),  and  pile  -  2190  pounds  (994  kg).  Thus,  the  relative  fractions  contributed  by  the  vertical 
vent,  tank  excavation  and  pile  areas  arc  75.3  percent,  19.3  percent  and  5.4  percent,  respectively.  If 
the  estimate  of  fuel  ma.ss  beneath  the  tank  excavation  is  increased  by  25  percent  to  account  for 
underestimation  of  the  light  hydrocarbon  fractions,  the  total  fuel  mass  increased  by  1970  pounds  (894 
kg)  to  a  total  of  42,808  pounds  (19,414  kg).  The  relative  fractions  contributed  by  the  vertical  vent, 
tank  excavation,  and  pile  areas  are  thus  71.9  percent,  23.0  percent,  and  5.1  percent,  respectively. 

Based  upon  the  finite  number  of  soil  samples  that  could  be  economically  gathered  and 
analyzed,  pre-test  sampling  has  accounted  for  approximately  25  percent  of  the  estimated  original  spill. 
There  is  no  way  of  knowing  the  initial  spill  size  or  the  quantity  of  JP-4  that  volatilized  during  the 
three  years  which  elapsed  between  the  spill  and  venting  operations.  Section  V.I.  contains  a  more 
complete  discassion  of  »hc  hydrocarb<m  mass  balance. 
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TABLE  6.  SUMMARY  OF  PRE-VENTING  HYDROCARBON  MASSES  IN  THE  PILE 


AREA 

FUEL  MASS 
(Itg) 

PERCENTAGE  OF 

TOTAL  MASS 
(percent) 

PI 

171 

17.2 

P2 

87.5 

8.8 

P3 

249 

25.1 

P4 

42.6 

43 

. 

P5 

190 

19.1 

P6 

2.30 

2.3.2 

P7 

4.1 

0.4 

P8 

6.2 

0.6 

P9 

4.0 

0.4 

PIO 

1.6 

0.2 

Pll 

1.5 

0.2 

P12 

4.7 

0.5 

- 1 -  -1 

TOTAL 


994 
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SECTION  IV 


PILOT  STUDIES 


A.  INTRODUCTION 

The  first  steps  in  this  field  implementation  of  ISSV  were  to  install  and  operate  a  pilot  venting 
system  and  perform  supporting  bench  studies  for  determination  of  design  data  for  the  full-scale 
system.  Data  obtained  included  pressure-flow  rate -distance  relationships  and  effluent  gas  hydrocarbon 
concentrations.  Pressure-How  rate-distance  relationships  of  the  soil  at  the  venting  site  were  necessary 
to  determine  the  vacuum,  air  extraction  rate,  and  vent  spacings  needed  to  produce  sufficient  air  flow 
for  remediation.  Measured  effluent  gas  hydrocarbon  concentrations  provided  information  necessary 
for  air  emussions  permitting  and  for  specification  of  emissions  control  equipment. 

This  test  involved  the  installation  of  a  single  extraction  vent  of  the  design  projected  for  the  vents 
(d’  the  full-,scaie  system.  Pressure  measurement  vents  surrounding  the  extraction  vent  allowed 
monitoring  of  lateral  and  vertical  soil  vacuum  distribution.  Operation  at  several  flow  rates  provided 
data  for  generation  of  characteristic  curves  that  may  be  used  for  empirical  system  design  and  for 
calibration  of  fiow  mrxlels  for  .s^’stem  optimization. 

Te.sts  were  also  made  to  determine  the  permeability  of  the  soil  by  an  in  situ  method.  This 
determination  of  permeability,  if  successful,  would  provide  permeability  values  for  modelling  of 
induced  How  fields  in  venting  systems  with  a  minimum  of  expense. 

Prediction  of  eftluenl  concentrations  from  in  situ  soil  venting  systems  is  difficult.  Published 
results  from  other  soil  '.eating  studies  have  shown  hydrtxarbon  concentrations  to  be  very  high  during 
the  initial  hours  of  operaii'in.  usually  tapering  off  quickly  after  a  few  days  as  the  soil  gas  is  cleared. 
The  initial  concentration  .ind  rate  of  decrease  of  concentration  in  the  extracted  gas  will  depend 
mtimly  on  (1)  the  position  of  the  vents  relative  to  contaminated  soil.  (2)  the  levels  of  contamination, 
and  (.1)  the  vapor  pressures  of  the  contaminants. 

The  single-vent  test  included  analysis  of  the  extraction  air,  both  by  a  continuous  total 
hydr(x;arb<^n  analyzer  (THA)  for  indication  of  hydrocarbon  concentration  level,  and  by  a  gas 
chromatograph  via  .sorbent  traps  for  spcciation  of  contaminants.  These  analyses  allowed  selection 
of  emissions  control  devices  and  provided  information  necessary  for  air  emissions  permit  applications. 

The  single-vent  test  was  operated  under  conditions  impo.scd  by  the  Utah  Air  Conservation 
committee  as  stated  in  letter  BAQ-594,1-1,  4  November  1987.  The  conditions  of  this  letter  limited 
the  experiment  to  l(K)  hours  of  venting,  not  to  exceed  15(X)  pounds  ((>80  kg)  of  VOC  emissions.  A 
minimum  of  one  grab  sample  per  day  and  a  brief  report  of  our  findings  to  the  Executive  Secretary 
of  the  Utah  Air  Conservation  Committee  were  required. 

Since  the  operating  time  of  the  pilot  test  was  limited,  little  information  would  be  gained  for  long¬ 
term  operation.  To  help  predict  system  behavior,  soil  from  the  site  was  vented  in  a  column  test. 
Operation  of  the  column  for  several  hours  would  simulate  o[xtration  of  the  full-scale  system  for 
.several  months.  It  was  hoped  that  extracted  gas  concentrations  from  the  column  would  allow 
prediction  of  removal  rates  in  the  full-scale  system  and  provide  a  basis  for  full-scale  .system  design. 
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B.  SINGLE  VENT  PLTLOT  TEST 


1.  System  Design 

Design  of  the  ISSV  pilot  system  was  based  mainly  upon  studies  by  R.  F.  Weston,  Inc. 
(Reference  5)  for  the  USATHAMA  and  by  Texas  Research  Institute  for  the  Amencan  Petroleum 
Institute  (API)  (Reference  .3).  The  USATHAMA  report  dealt  with  the  soil  venting  at  a  site  of  a 
trichloroethylene  spill,  but  it  provided  pressure-flow  rate-distance  relationships  for  sandy  soils  judged 
to  be  similar  to  those  at  the  Hill  site.  From  this  study,  the  single-vent  test  system  was  designed  for 
a  How  rate  of  0.024  to  0.1 18  m^'second  at  vacuum  levels  up  to  30,500  Pascals.  The  API  report  was 
the  only  available  fully  documented  field  study  of  the  removal  of  petroleum  hydrocarbons  from  sandy 
soils.  This  study  differed  from  the  Hill  AFB  because  (1)  it  was  performed  at  a  site  contaminated  with 
gasoline  rather  than  JP-4  jet  fuel  and  (2)  there  was  free  fuel  pooled  at  the  water  table  surface,  unlike 
the  Hill  site.  The  extraction  gas  concentration  initially  encountered  in  the  API  study  was  4000  ppmv. 
These  factors  suggested  that  the  extraction  gas  concentration  levels  encountered  in  the  ISSV  pilot 
test  would  not  initially  exceed  the  4000  ppmv  hydrocarN'tns  average  concentration,  and  the  system 
was  designed  accordingly 

The  major  components  of  the  in  situ  soil  venting  single-vent  pilot  system  were: 

•  extraction  and  pressure  monitoring  vents, 

•  process  equipment  (blower,  knock-out  drum,  vent- head  connection,  discharge),  and 

•  analytical  trailer 

a.  Extraction  and  Pressure  Monitoring  Vents 

(1)  Dicafion.  The  approximate  location  of  the  extraction  vent  and  pressure  monitoring 
wells  for  the  single  vent  pilot  test  are  shown  in  Figure  23.  The  position  for  the  extraction  vent  was 
chosen  to  place  it  as  near  as  possible  to  the  area  of  highest  soil  vapor  hydrocarbon  concentration  as 
measured  in  the  most  recent  Installation  Restoration  Program  Phase  II  survey  (see  Section  I.B.2.C,]). 
This  position  was  u.sed  to  provide  a  realistic  estimate  of  iniiAl  effluent  concentrations  from  the  full- 
scale  .system. 


The  Icxations  of  the  nine  pressure  monitoring  vents  were  along  six  radial  axes  at 
distances  of  3.0,  6.1,  and  9.1  meters  (10,  20.  and  .30  feet)  from  the  central  extraction  vent.  The  radial 
axes  were  spaced  at  approximately  .30  degree  intervals.  The  ranitoring  vents  were  4.6,  9.1,  and 
1.3.7  meters  ( 15.  .30,  and  45  feet)  deep.  This  distribution  was  chosen  to  minimize  the  effects  of  one 
vent  upon  another  and  the  effects  of  discontinuities  in  the  soil. 

(2)  Extraction  Vent  Design.  The  extraction  vent  borehole  was  augcred  with  an  8-inch 
hollow-stem  auger.  This  auger  permitted  later  installation  of  the  vent  pipe  (3.5  inches  outside 
diamelei)  through  the  hollow  stem.  The  vent  consisted  of  a  12.2-mctcr  (40-foot)  length  of  flush-joint 
.Schedule  40  p<')lyvinyl  chloride  (PVC)  .screen  with  slot  width  of  0.05  cm  (0.02  inches)  instalLd  at  a 
depth  of  between  3  and  15.2  meters  (10  and  50  feet)  below  ground  surface  and  capped  at  the  lower 
end  (see  Figure  24).  Flush-joint  Schedule  40  PVC  was  used  for  the  riser  pipe.  PVC  cenent  was 
used  to  join  all  PVC  linings.  Stainle.ss  steel  centralizers  were  used  to  maintain  the  riser  pipe  in  the 
center  of  the  fxirchole. 
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Figure  23.  Position  and  Labeling  of  Monitoring  Wells  in  Single  Vent  Pilot  Test. 
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The  auger  hole  was  backfilled  with  coarse  sand  to  0.3  meters  (1  foot)  above  the 
screen,  using  a  tremie  tube.  A  0.3-meter  (1-foot)  layer  of  bentonite  pellets  was  placed  on  top  of  the 
sand,  and  the  hole  was  grouted  to  the  surface  by  tremie  tube  with  cement-bentonite  grout  to  prevent 
a  short-circuit  path  for  air  flow.  A  concrete  collar  at  least  0.6  meter  (2  feet)  in  diameter  was  installed 
to  provide  mechanical  stability  for  the  vent  and  to  divert  rainfall  from  penetrating  down  the  backfilled 
hole.  The  vent  extended  0.3  meter  (1  foot)  above  the  concrete  collar,  and  was  covered  with  a  PVC 
cap  to  prevent  water  infiltration  before  system  installation. 

(3)  Pressure  Monitoring  Vent  Design.  The  pressure  monitoring  wells  consisted  of 
Z54-cm  (1-inch)  OD  tlush-joint  PVC  which  had  a  lower  0.6-meter  (2-foot)  screened  section,  capped 
at  the  bottom  end,  connected  to  the  remaining  upper  section  of  1-inch  flush-joint  PVC  well  casing 
(see  Figure  25).  The  dead  space  in  the  pressure  monitoring  well  was  minimized  by  internally  capping 
off  the  pipe  at  the  top  of  the  screened  section  with  a  PVC  plug  and  running  a  0.64-cm  (1/4-inch) 
polyethylene  tube  to  the  surface. 

The  pressure  monitoring  wells  were  installed  in  10.2-cm  (4-inch)  augered  boreholes. 
PVC  cement  was  used  to  join  all  subsurface  PVC  fittings.  Stainless  steel  centralizers  were  used  to 
maintain  the  riser  pipe  in  the  center  of  the  borehole.  Coarse  sand  was  packed  to  a  depth  of 
0.3  meter  (1  foot)  above  the  screens,  using  a  tremie  tube.  The  holes  were  backfilled  to  the  surface 
with  a  0.3-mcter  ( 1-foot)  layer  of  bentonite  pellets,  followed  with  cement-bentonite  grout.  The  vents 
extended  0.3  meter  (1  foot)  above-ground  surface,  and  were  capped  with  PVC  caps  to  prevent  water 
infiltration.  The  PVC  caps  were  tapped  with  0.64-cm  (1/4-inch)  tubing  fittings  for  connection  of 
pressure  gauges. 

b.  Pnxess  Equipment 

A  diagram  of  the  single-vcnt  test  system  process  equipment  is  shown  in  Figure  26.  The 
equipment  may  be  broken  down  into  the  following  parts; 

•  vcni-hcjd  connections. 

•  knock-out  drum, 

•  blower,  and 

•  discharge. 

(1)  Vent -Head  Connections.  The  extraction  vent  pipe  extended  1  foot  (0.3  meter)  above 
ground  surface.  This  ab<avc-ground  section  was  surrounded  by  a  6-.nch  ( 15.2-cm)  steel  vent  protector. 
Two  1/4-inch  (0.64-cm)  pipc-to-tubing  fittings  were  threaded  into  the  vent  pipe  for  connection  to  a 
Magnchelic  differential  pressure  gauge  a  thermocouple.  This  allowed  measurement  of  vacuum 
and  effluent  air  tempetature  at  the  vent  head.  A  3-inch  v7.62<m)  schedule  40  ’’VC  'V  fitting  was 
socket- welded  to  the  vc:;;  pipe.  The  leg  of  the  'Y'  was  angled  up  and  was  capped.  The  cap  was 
tapped  with  a  X.cj-out  1/4-inch  (0.64-cm)  tubing  fitting  to  allow  the  insertion  of  0.64-cm  (1/4-inch) 
polvr'th^icnc  tubing  to  varurus  depths  in  the  extraction  vent. 

A  3-inch  (7  62  cm)  PVC  hail  vaNc  was  filled  to  the  remaining  connection  of  the  "Y" 
to  isolate  the  vent  from  the  system.  A  3-inr.h  (7.62 -cm)  PVC  tcc  was  fitted  to  the  ball  valve  which 
connected  the  3-inch  (7  62-cm)  valvcd  line  to  the  atmosphere  for  clearing  the  system  of  extraction 
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Figure  25.  Vjpor/Prcs.surc  Monitoring  Weil  Installiition. 
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Figure  26.  In  Situ  Soil  Venting  Single-Vent  Test  System. 
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gas  at  the  end  of  operation.  The  line  from  the  other  tee  connection  was  expanded  to  4-inch  (10.2- 
cm)  PVC  from  the  valve  to  minimue  pressure  drop.  The  4-inch  PVC  pipe  was  taken  through  two 
4-inch  9()  degree  P\'C  elbows  before  c  'innection  to  the  knock-out  drum. 

(2)  Knock-Out  Drum.  A  knock-out  drum  was  installed  upstream  of  the  blower  to  protect 
the  blower  from  suspended  particles  or  water.  The  knock-out  drum  was  constructed  from  a  208-liier 
(55-gallon)  stainless  steel  drum.  Connections  were  provided  for  inlet  and  outlet  air  streams,  pressure 
taps,  vacuum  relief  valve,  and  water  drain.  A  modified  stainless  steel  drum  lid  allowed  all  necessary 
connections.  The  drum  lid  was  reinforced  to  withstand  the  vacuum  generated  during  operation  and 
to  support  ail  connections  made  through  it.  Inlet  and  outlet  air  connections  on  the  drum  lid  were 
4-inch  (l0.2-cm)  threaded  stainless  steel  pipe  for  connection  with  the  4-inch  PVC  lines.  The  inlet 
line  was  placed  near  the  outside  of  the  drum  lid  and  the  outlet  line  was  centered.  A  mercury 
manometer/'vacuum  relief  valve  was  connected  to  a  2-inch  (5.1-cm)  pipe  fitting  on  the  lid. 

A  demister  was  installed  at  the  outlet  from  the  drum  to  remove  suspended  water  from 
the  air  stream  to  protect  the  blower.  The  demister  was  a  14..5-inch  x  1 4.5-inch  x  6-inch  (.16.8-cm  x 
36.8-cm  X  15.2-cm)  block  of  fiberglass  and  wire  mesh,  connected  under  the  drum  lid  by  a  metal  cone 
attached  to  the  outlet  pipe  connection. 

The  knock-out  drum  was  tested  to  a  vacuum  of  161)  inches  of  water  (40,(X)0  Pa.scals). 
Nevertheless,  a  relief  valve  was  -.nstalled  to  protect  the  drum  from  collapsing  due  to  high  vacuum 
from  loss  of  flow.  TTie  relief  valve  was  a  mercury-filled  U-tubc.  1  inch  (2..M  cm)  in  diameter,  which 
was  sized  to  blow  through  at  a  vacuum  of  122  inches  of  water  (.^0.400  Pa.scals).  Catch  pots  were 
included  on  each  leg  to  prevent  the  120  mL  of  mercuty  from  escaping  into  the  drum  or  the 
environment. 

(3)  Blower.  A  rotary  lobe  p<isitive  displacement  blower  was  u.sed  for  the  generation  of 
vacuum.  The  blower  was  rated  for  50  to  250  cfm  (0.024  to  0.1 18  m'  .second)  of  air  fiow  at  80  inches 
of  water  (19,900  Pascals)  vacuum,  with  a  maximum  capability  of  122  inches  of  water  (,30,400  Pa.scals 
vacuum).  The  lobes  and  housing  of  the  blower  were  constructed  of  aluminum  to  prevent  sparking. 

The  blower  was  driven  by  a  7.5  horsepower  fhp)  (.VilK)  Watt)  explosion-proof  electric 
motor,  connected  by  a  V-belt  drive.  Control  of  the  motor  over  its  range  of  600  to  1750  rpm  was 
achieved  with  a  variable  frequency  controller.  Electrical  power  (2.10  volts,  three-pha.se.  (X)  cycle)  was 
required.  Since  the  frequency  controller  was  not  explosion-proof  it  was  housed  in  the  instrument 
trailer  which  contained  an  explosive  ga.s  monitor.  Connections  to  the  blower  were  made  to  the  4-inch 
(10.2-cm)  PVC  lines  by  a  4-  to  .3-inch  (10.2-  to  7.62-cm)  PVC  reducer  and  reinforced  llexible 
connectors  with  .3-inch  (7.62-cm)  flanges. 

Taps  for  the  sample  line  to  the  TOA  were  made  near  the  outlet  of  the  blower.  Pipe- 
to-tubing  fittings  were  threaded  through  the  pipe  wall  for  connection  of  1, /4-inch  (().64-cm)  heat- 
traced  stainless  steel  tubing  running  to  and  from  the  instrument  trailer.  A  bypa.ss  stream  from  the 
hydrocarbon  analyzer  was  injected  into  the  air  stream  2  feet  (0.6  meter)  down  stream  from  the 
extraction  tap. 


Air  flow  rate  w.as  measured  by  a  2.IX)  inch  (.‘'0.8-mm)  orifice  plate  in  the  4-inch 
(!0.2-cm)  pipe.  The  0. 120-mch  (3,05-mm)  thick  stainless  steel  orifice  plate  was  held  in  pi, ice  bv  two 
4-inch  (10. 2  cm)  PVC  ITinges.  The  orifice  plate  was  pi, iced  20  feet  (ti.l  meters)  downstre.im  from 
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the  hydn)carb<./n  analyzer  laps  and  20  feet  (6.1  meters)  upstream  of  the  90  degree  elbow  before  the 
stack.  This  allowed  at  least  60  pipe  diameters  upstream  and  downstream  of  any  stream  disturbance. 
Pressure  taps  for  measuring  pressure  differential  across  the  orifice  plate  were  placed  4  inches  (102 
mm)  upstream  and  2  inches  (51  mm)  downstream  of  the  orifice  plate.  Connections  from  the 
dilferential  pressure  gauges  to  the  taps  were  valved  to  allow  quick  changes  to  pressure  gauges  of 
different  ranges. 

(4)  Discharge.  Di.schargc  from  the  blower  passed  through  a  4-inch  (10.2-cm)  PVC  line, 
which  was  run  along  the  ground  40  feet  ( 12.2  meters)  to  a  20-fcx)t  (6.1 -meter)  stack.  In  the  discharge 
section,  eflluent  gas  samples  were  taken,  total  hydrocarbon  concentrations  were  monitored,  and  the 
air  How  rate  was  measured. 

c.  Analytical  Trailer 

A  specially-outfitted  llfth-wheei  trailer,  heated  by  electrical  resistance  space  heaters,  was 
used  at  the  site  to  house  the  following  equipment: 

•  explosive  gas  monitor, 

•  total  hydrcKarfKm  analyzer,  and 

<  electrical  connections  blower  motor  controls. 

(1)  Explosive  Gas  Monitor.  An  MSA  Series  510  Combustible  Gas  Detection  System  with 
lour  remote  catalytic  sensing  heads  was  installed  in  the  trailer  for  protection  from  buildup  of 
potentially  explosive  gas  mixtures  in  the  trailer  or  in  the  air  in  the  venting  area. 

The  system  was  designed  to  have  two  sensing  heads  mounted  in  the  trailer,  one  near 
the  ceiling  and  one  near  the  llixrr.  to  detect  cxpic>sivc  ga.scs  bttth  lighter  and  heavier  than  air. 
Another  sensing  head  was  to  be  plumbed  into  the  exhaust  gas  line  for  continuous  readings  of  the 
extraction  gas.  However,  electrical  problems  with  the  detector  rendered  two  of  the  circuits  unusable 
during  the  pilot  test.  The  two  remaining  sensing  heads  were  employed  as  dc,scribcd  below  to  ensure 
safe  operation. 


One  sensing  he.ad  was  mounted  in  the  center  of  the  trailer  near  the  instrumentation. 
Al.irm  signals  from  ihis  detector  wiiuld  have  shut  down  all  NO  volt  service  in  the  trailer,  and, 
subsequently,  shut  down  power  to  the  blower. 

The  other  .sensing  he.ad  was  mounted  on  a  mobile  stand  and  placed  near  the  blower. 
An  alarm  signal  from  this  detector  would  have  indicated  psttcntially  hazardous  levels  in  the  air  in  the 
field  and  would  have  activated  a  relay  shutting  down  power  to  the  blower. 

(2)  Total  Hydrixarbon  Analy/xrr  (THA).  A  Beckman  Industrial  Model  4(X)/\  continuous 
Til  A  with  .m  FID  w.is  housed  m  the  trailer  for  analysis  of  extraction  gas.  This  analyzer  is  rated  for 
a  m.iximum  full-scale  concentration  of  10  percent  ( 11K),(XX)  ppmv)  of  methane.  A  sample  side  stream 
w.i.s  pulled  into  the  trailer  through  the  heat-traced  copper  sample  lines  to  the  analvzer;  the  majority 
of  the  stream  was  returned  to  the  venting  .system  in  a  bypass  line.  The  sample  was  fully  oxidized 
inside  the  analyzer,  with  the  exh.iust  vented  by  a  tube  to  the  outside  of  the  trailer. 
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The  hydrcxarbon  analyzer  requires  about  300  mL/minute  of  zero-grade  air  and  about 
SO  mL/minute  of  mixed  fuel  (40  percent  hydrogen.  60  percent  nitrogen).  The  zero-grade  air  was 
supplied  from  Size  2  cylinders  held  in  racks  in  the  trailer.  The  hydrogen/nitrogen  mixed  fuel  was  held 
in  Size  2  cylinders  tied  to  the  outside  of  the  trailer.  A  pressure  regulator  set  at  30  psig  (207,000 
.'’a.scals)  and  a  50-psig  (345.(XX)-Pascals)  relief  valve,  venting  to  the  outside  air,  were  placed  on  the 
fuel  line  outside  the  trailer  to  protect  from  overpressure  and  buildup  of  fuel  inside  the  trailer.  As 
an  additional  safety  measure,  a  capillary  was  placed  on  the  fuel  line  to  limit  fuel  flow  to  approximately 
5  standard  ft^/hour  (3.9  xlO' m^, second). 

(3)  Electrical  Conncctions/Blower  Motor  Controls.  The  electrical  connections,  including 
controls  for  the  blower  motor,  were  mounted  on  an  instrument  panel  housed  in  the  front  section  of 
the  trailer.  Electrical  power  (2.30  volt,  .3  phase)  was  run  from  a  building  in  the  area  and  connected 
to  the  starlet.  The  starter  contained  two  switches:  a  hand  switch  for  manual  shutdown  of  the  power 
and  a  1  H)-volt  relay.  The  relay  would  shut  off  power  if  1 10-volt  service  was  shut  down  or  if  the  alarm 
circuit  from  the  combustible  gas  monitor  was  activated. 

Single  phase  electrical  power  (110  volt,  50  amperes  maximum)  was  run  from  lines  in 
the  area  to  a  relay  on  the  instrument  panel.  This  relay  was  controlled  by  two  alarm  circuits  from  the 
combustible  gas  analyzer.  An  alarm  signal  to  this  relay  would  shut  down  all  power.  The  line  from 
the  relay  ran  outside  the  trailer  to  the  external  power  connection  for  the  trailer. 

Z  Singic-Vent  Test  System  Operation 

Operation  of  the  single-vcnt  test  system  included  four  runs  in  which  the  system  was  operated 
until  It  reached  steady-state  conditions,  and  an  extended  operation  run.  The  system  pressure  was 
monitored  perkxiically  for  measurement  of  transient  response. 

Before  the  steady-state  runs,  the  blower  was  operated  for  approximately  10  minutes  to 
determine  the  blower  s[X'ed  required  to  reach  the  desired  How  rates  of  50,  150,  2(X),  and  250  scfm 
(0  (124,  ().()71.  ().(W4,  and  0. 1 18  standard  mVsecond).  Due  to  the  v.icuum  levels  required  and  the 
altitude,  actual  How  rates  were  approximately  62,  124,  160  and  2fX)  scfm  (0.029,  0.959,  0.080,  and 
0.(W4  standard  m’ second).  Vacuum  at  each  pressure  monitoring  vent  was  noted  to  determine  if 
gauges  of  the  proper  ranges  were  installed.  The  blower  was  shut  down  and  the  system  was  allowed 
to  recover  for  at  Ica.st  15  minutes  before  commencement  of  the  test.  During  the  single-vent  pilot 
test,  the  total  hydrrx’arhon  analyzer  was  calibrated  asing  0.70  mg  mcthane/liter  of  gas  (981  ppmv 
methane  gas)  standard  (unlike  the  full-scale  demonstration  which  u.sed  a  hexane  standard)  and  the 
combustible  gas  analyver  was  tested  with  29  percent  LEL  propane  g.is  standard  prior  to  operation. 

Operating  time  for  c.ich  run  w.as  noted  from  the  point  the  blower  was  turned  on.  Vacuum 
measurements  from  each  pressure  monitoring  vent  and  onlkc  pressure  drop  were  recorded  at  1,  5, 
It),  15.  20,  25,  30.  40,  .“iO,  and  tX)  mmutc.s,  and  every  15  minutes  thereafter.  Temperature  at  the  vent 
he, id  and  blower  exit  were  recorried  periixJically  throughout.  The  system  was  operated  at  least  until 
steady-state  vas  achieved,  determined  by  changes  of  less  than  3  percent  In  all  vacuum  readings  over 
a  15  minute  interval,  Tlie  system  was  purged  for  5  minutes  lx:forc  shutting  the  blower  off  by  oixrning 
the  valve  to  atmosphere  at  the  tec  above  the  vent  he<id  artd  dosing  the  valve  at  the  vent  head. 


The  extended  run  was  operated  at  an  extraction  gas  flow  rate  of  approximately  205  scfm 
(0.097  standard  mVsecond)  for  approximately  8  hours.  System  parameters  were  recorded  ever*'  50 
minutes  for  the  duration  of  this  run. 

3.  Single- Vent  Test  Results 

Table  7  shows  the  operating  flow  rates  and  elapsed  times  of  the  ISSV  system  experiments. 
Five  vent  tests  were  run,  ranging  from  62  to  205  scfm  (0.029  to  0.097  standard  m^/second)  air  llciw 
rate,  for  a  total  operating  time  of  19.6  hours.  As  described  above,  the  first  four  tests  were  run  to 
determine  steady-state  pressure  distributions  at  each  flow  rate,  with  the  final  test  used  to  determine 
system  behavior  with  extended  operation.  The  extended  run  was  terminated  to  remain  below 
emissions  restrictions,  based  upon  information  provided  by  the  THA  A  total  of  5,6(X)  standard  m^ 
of  gas  was  discharged.  During  each  run.  at  least  one  gas  .sample  was  taken  in  a  sample  trap  and  me 
gas  was  continuously  monitored  by  the  THA 


TABLE  7.  ISSV  PILOT  TEST  CONDITIONS 


DATE 

FLOW  RATE 
(standard  m^fi) 

TEST  LENGTH 
(minutes) 

DISCHARGE 

GAS  VOLUME 
(m^) 

1-18-88 

0,029 

157 

276 

1-19-88 

0.059 

122 

428 

1-19-88 

0.094 

151 

742 

1-20-88 

0.080 

279 

1.555 

1-20-88 

0.097 

486 

2821 

■ 

a.  Pressure  Results 

The  pres-sure  monitoring  vents  were  positioned  and  labelled  as  shown  in  Figure  2.5. 
Assuming  homogeneous  soil  and  a  constant  flow  distribution,  this  array  allows  an  estimate  of  vertical 
and  lateral  pressure  distributions  in  the  soil  surrounding  the  extraction  vent. 

Pre,s.surcs  at  each  monitoring  vent  were  measured  by  Magnchclic  differential  prcs.-iure 
gauges  and  U-tube  manometers.  The  U-tubc  manometers  were  filled  with  a  50/50  mix  of  ethylene 
glycol  and  water  to  prevent  freezing.  Agreement  of  the  measurements  from  the  U-tubc  manometers 
and  the  Magnehclic  gauges  was  determined  to  be  within  the  readability  of  the  insirumcnt.s. 


Transient  pressure  results  for  the  extraction  and  monitaring  vents  are  shown  in  Figures 
27  through  29.  Results  were  not  obtained  for  Monitoring  Vent  3,  which  did  not  exhibit  measurable 
vacuum  and  was  believed  to  be  plugged  by  giout  during  iiBtallatian.  The  results  show  that  the 
response  of  the  system  was  extremely  fast  as  would  be  expected  in  highly  permeable  soil,  reaching 
steady  state  within  90  minutes  in  each  case. 

Steady-state  pressure  distribution  results  from  each  test  are  shown  in  Table  8.  The  data 
indicate  a  large  pressure  drop  in  the  high  flux  area  near  the  extraction  vent,  tailing  off  exponentially 
with  radial  distance.  Higher  vacuum  readings  at  the  lower  depths  is  due  to  a  vertical  component  of 
air  flow,  indicating  that  some  air  flow  was  possible  through  the  icy  soil  surface. 

The  data  shown  in  Table  8  are  also  presented  as  pressure  contour  maps  in  Figure  30. 
This  means  of  displaying  the  data  is  only  applicable  for  homogeneous  soils  with  uniform  air  flow 
distribution.  This  assumption  appears  valid  except  for  the  results  obtained  from  MW5  at  20  feet  (6.1 
meters)  distance  and  30  feet  (9.1  meters)  depth.  Possible  causes  of  this  inconsistency  are 
heterogeneous  soil,  or  a  leak  in  the  pressure  monitoring  line.  The  results  for  MW5  were  not 
included  in  the  contours.  Since  the  air  flow  direction  is  perpendicular  to  the  pressure  contours  and 
its  magnitude  is  inversely  proportional  to  the  distance  bebween  contours,  the  contours  give  an 
indication  of  the  air  flow  patterns  in  each  test  The  effect  of  some  air  flow  from  the  surface  may  be 
seen,  as  well  as  the  lesser  magnitude  of  air  flow  deeper  in  the  soil  and  farther  from  the  vent. 

b.  Extraction  Vent  Pressure  Drop 

A  pressure  gauge  was  connected  to  a  1/4-inch  (0.64-cm)  line  which  was  lowered  to  several 
points  in  the  3-inch  (7.62-cm)  exfaction  vent  during  steady-state  operation.  This  allowed 
measurement  of  the  pressure  drop  in  the  extraction  vent  at  each  flow  rate.  Results  are  shown  in 
Tabic  9.  Tliese  results  indicate  that  the  pressure  drop  of  flow  in  the  extraction  vent  can  become 
considerable  at  higher  flow  rates,  causing  a  nonuniform  vacuum  with  depth  and  higher  vacuum  levels 
necessary  to  induce  flow.  It  was  determined  necessary  to  u«  vent  pipe  with  a  diameter  larger  than 
3  inches  (7.62  cm)  to  operate  at  flow  rates  much  larger  than  ZSO  scfm  (0.118  standard  mVsecond), 
without  excessive  head  loss. 

c.  Vacuum  Requirements 

The  vacuum  required  for  soil  gas  extraction  rales  with  the  vent  design  used  is  shown  in 
Figure  31.  The  resulu  arc  nearly  linear,  which  agrees  with  some  flow  models  predicting  linear 
behavior  up  to  about  UX)  inches  of  water  (24,900  Pascals)  vacuum.  However,  this  docs  not  agree 
with  the  USATH/\MA  results  (Reference  5),  which  showed  a  geometric  relationship.  Extrapolation 
of  the  curve  to  higher  flows  is  therefore  somewhat  uncertain,  but  it  is  definite  that  relatively  high 
flows  arc  possible  with  low  p<iwcr  requirements. 

d.  Extracted  Gas  Q^ncentration  Results 

The  extracted  gas  concentration  was  measured  by  rwo  mcaru:  (1)  real-time  analysis  by 
a  THA  and  (2)  grab  samples  taken  on  traps  for  GC  analyses.  The  average  THA  leadings  during  each 
test  and  GC  sample  numbers  arc  shown  in  Table  10, 


65 


time  (min) 

Figure  27.  Transient  Pressure  Response  -  Single  Vent  Test,  Extraction  Rate  -  0.094  Stanaard 
mVSccond  .Monitoring  Point  Distance  -  3.0  meters. 


TlUC  (mm) 


Ficure  28.  Transient  Pressure  Response  •  Single  Vent  Test.  Extraction  Rate  •  0.094  Standard 
m'', Second,  .Monitoring  Point  Distance  ■  6.1  Meters. 
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Figure  29.  Transient  Pressure  Response  •  Single  Vent  Test.  Extraction  Rate  •  0.094  Standard 
m'’/'Sccond.  Monitoring  Point  Distance  -  9.1  .Meters. 
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TABLE  8.  SINGLE  VENT  TEST  VACUUM  DISTRIBUTIONS 


STEADY-STATE  VACUUM 
(Pascals) 

FJCTRACnON  RATE 
(standard  m^/sccond) 

DEPTH 

(meters) 

0* 

3.1 

6.1 

9.1 

0.029 

0.0 

■■1 

4.6 

398 

.361 

229 

9.1 

597 

306 

426 

13.7 

622 

498 

0.0 

2737 

4.6 

2488 

846 

647 

388 

9.1 

Z189 

1040 

545 

699 

L3.7 

1339 

1010 

886 

[  0.080 

0.0 

4106 

4.6 

3459 

1120 

871 

530 

9.1 

3285 

1.369 

761 

9.33 

1.3.7 

3185 

1321 

1182 

0.094 

0.0 

4977 

4,6 

4181 

1.369 

1045 

654 

9.1 

.3932 

16.30 

918 

1120 

1.3.7 

.3782 

1603 

1401 

‘Distance  of  pressure  monitoring  point  from  extraction  vent  in 
meters. 


Pressure  Contours  D 


TABLE  9.  EXTRACTION  VENT  PRESSURE  DROP 


VACUUT4  IN  PASCALS 

DEPTH 

(meters) 

0.059* 

(standard  m^/second) 

0.080 

(standard  m^/secoed’' 

0.094 

(standard  m^/second) 

0.0 

2936 

4156 

4728 

1.5 

2687 

3882 

4604 

3.0 

2638 

00 

4454 

4.6 

2488 

3459 

4181 

6.1 

2439 

3.384 

4031 

7.6 

2414 

3310 

3957 

9,1 

2389 

3285 

3932 

10.7 

2389 

3235 

3882 

1 

12.2 

2364 

3210 

.3807 

13.7 

23.39 

00 

.3782 

.5,2 

2339 

316-0 

3757 

•Extraction  Oo'a/  rate. 


(^)  TTM  Results.  The  extraction  gas  hydrocarbon  concentrations,  as  measured  bv  the 
TUA.  were  found  to  be  very  unifttnn  during  each  run.  For  ail  runs,  readings  ranged  from  0.079  to 
0.(W  grams/liter  as  methane.  Using  a  relative  weight  response  in  an  FID  of  1  to  0,8  (weight 
hydrocarbons  to  the  weight  of  methane)  this  corresponds  to  a  concentration  of  O.OCA  to 
O.O'^d  grams/htcr  hydrcKarbons  m  the  gas  stream.  Assuming  that  the  concentration  of  hydrocarbons 
was  const  '  duimg  each  short  test  period.  5t)tX)  standard  m\)f  gas  would  have  discharged  772  to  91 1 
pounds  (.150  to  41.1  kg)  of  hydrocarbons.  Tlicrcforc,  using  the  real  time  THA  information,  the  test 
was  terminated  early  to  remain  below  emissions  limns. 
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After  completion  of  the  singic-vent  lest  and  analyses  of  the  GC  traps,  an  experiment 
was  conducted  to  prove  the  performance  of  the  THA  as  a  simulation  of  the  compounds  encountered 
in  the  field.  As  seen  in  Figure  32.  the  FID  becomes  saturated  above  a  level  of  0.071  grams/liter 
methane  equivalent,  causing  a  large  departure  from  the  assumed  linear  respetnse.  Thus,  the  levels 
indicated  by  the  THA  in  the  field,  upon  which  real-time  emissions  monitoring  was  ba,scd,  were  likely 
lower  than  the  actual  concentrations. 
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Figure  32.  THA  Respemse. 


(2)  GC  Analyses.  The  GC  anaKses  of  the  gas  samples  varied  by  a  factor  of  100,  from 
0.020  to  2.07  grams/liter,  showing  a  wide  scatter  that  was  not  evident  from  the  THA  during  the  runs 
and  placing  some  uncertainty  on  the  validity  of  the  GC  concentration  results.  Tlie  scatter  in  the 
results  is  believed  to  be  due  to  condensed  hydrocarbons  entering  the  traps  during  sampling.  The  GC 
s.imple  traps  were  connected  to  the  system  by  a  l./4-inch  (0.62-cm)  vaivcd  tee  downstream  of  the 
pump  on  the  sampling  line  feeding  the  TH/A  The  increased  pressure  [1.5  to  2  pounds/inch"  gauge 
(10..3(K)  to  13.<S(X)  Pascals)]  as  compared  a  slight  vacuum  in  the  extraction  vent  at  this  point  would 
likely  be  sufficient  to  condense  some  water  vapor  and  hydrocarbons  on  the  exposed  metal  fittings. 
.Although  the  valve  was  purged  to  remove  visible  amounts  of  condensation,  only  a  microscopic 
quantity  would  be  required  to  greatly  disturb  the  analyses. 

Typical  analyses  of  new  JP-4  at  Hill  AFB  report  an  ASTTVf  initial  boiling  point  of  the 
fuel  as  5S.9°C.  A  calculated  equilibrium  flash  vaporization  curve  for  the  fuel  indicates  that  it  will 
behave  much  like  n-hexane  in  vapor-liquid  equilibrium.  Comparison  with  the  vapor  pressure- 
temperature  plot  for  n-hexane  sh(5ws  that  the  highest  possible  concentration  of  hydrocarbons  from 
pure  fuel  at  12.S’C  would  he  approximately  0.0285  pounds  ft’  (0.46  gram.s/]ilcr).  This  eliminates  the 
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concentration  values  found  for  two  of  the  GC  samples  (reading  0.878  and  2.072  grams/liter),  since 
the  gas  sampled  came  from  vapor  in  contact  with  JP-4  or  JP-4  depleted  of  light  fractions.  As 
discussed  above,  it  is  likely  that  the  high  values  arc  due  to  entrained  condensation  entering  the 
sample  traps. 

Accepting  the  values  for  the  samples  below  0.46  grams/liter  (those  reading  0..797, 
0.441,  0.266  and  0.029  gram.vliter),  yields  a  flow-weighted  average  concentration  of  0.204  grams/liter, 
for  an  estimated  duscharge  of  2495  pounds  (1.132  kg)  of  hydrocarbons.  This  is  considered  a  ma.ximum 
estimate  because  of  the  uncertainties  due  to  condensation. 

e.  Calculation  of  Best  .Estimate  of  Emissions 

The  relative  hydrocarbon  weight  fractions  in  each  gas  sample  are  shown  in  Table  11. 
Unlike  the  concentration  values,  the  data  are  very  consistent,  showing  a  depletion  of  the  licht 
fractions  as  the  process  continued.  These  consistent  data  provide  adequate  information  for  making 
a  conservative  estimate  of  emissions. 

For  the  estimate  of  emissions,  it  is  assumed  that  the  hydrocarbons  in  the  extraction  gas 
are  in  equilibrium  with  the  liquid  hydrocarbons  in  the  ground.  From  the  relative  amounts  of 
hydrocarbons  in  each  hydrocarbon  range  in  the  gas  samples  shown  in  Table  11.  the  relative  mole 
fractions  of  each  range  in  the  liquid  in  the  soil  were  calculated  using  vapor-liquid  equilibrium  K- 
values.  Since  the  hydrocarbon  mole  fractions  in  the  liquid  must  sum  to  1.  the  actual  liquid  mole 
fractions  may  be  calculated  and  an  equilibrium  concentration  in  the  gas  may  then  be  calculated  using 
Raoult’s  Law. 

Calculated  gas  concentrations  arc  shown  in  Table  12.  These  values  show  a  decrca.se  from 
an  approximate  initial  concentration  of  0.25  grams/htcr  to  a  final  value  of  0.015  grams/liter.  A  flow- 
weighted  average  of  these  concentration  results  yield  an  emissions  estimate  of  approximately  1329 
pounds  (600  kg)  of  hydrocarbons.  This  is  about  one-half  of  the  estimate  based  directly  on  the  gas 
analyses,  and  is  rougpiy  consistent  with  the  THA  analyses.  The  equilibrium  method  is  considered  to 
be  comscrvatively  high;  the  method  does  not  consider  the  heavy  hydrocarbons  pre.sent  in  the  liquid 
which  would  decrease  the  equilibrium  concentration  of  lighter  hydrocarbons  in  the  gas  phase 
according  to  Raoult’s  Law  .  The  assumption  of  equilibrium  between  the  gas  and  liquid  phases  will 
also  tend  to  overestimate  the  concentration  of  hydrocarbons  in  the  gas  phase. 

C  COLUMN  TEST 

1.  Materials  and  Mcth<xJ 

Cuttings  from  the  fnming  of  the  extraction  vent  were  collected,  .sealed  in  a  55-gallon  (208- 
liter)  stainless  steel  drum,  and  delivered  to  ORNL  for  testing.  Approximately  6  inches  (15  cm)  of 
head  space  existed  in  the  drum. 

A  21 -pound  (9.54-kg)  soil  sample  was  removed  from  the  drum,  weighed,  and  placed  in  a  5- 
inch  (12.7-cm)  irisidc  diameter  gla.ss  column,  suspended  by  stainle.ss  steel  .screens.  All  transfer 
operations  were  performed  with  the  soil  enclosed  in  plastic  to  minimize  contact  of  the  .soil  with  air. 
ITic  soil  column  was  compacted  by  vibration  overnight. 


TABLE  11.  HYDROCARBON  WEIGHT  FRACTIONS  IN  GAS  SAMPLES 


WEIGH!'  FRACTION  OF  HYT)ROCARBONS 


1354 


0.009 


0.35.3 


0.379 


0.184 


0.057 


0.015 


0.002 


0.000 


0.000 


0.000 


HYDROCARBON 

RANGE 

218* 

576 

C4-C5 

0.092 

0.101 

C5-C6 

0.345 

0.379 

C6-C7 

0..331 

0.317 

C7-C8 

0.180 

0.144 

C8-C9 

0.042 

0.045 

C9-C10 

A009 

0.013 

ClO-CIl 

0.001 

0.001 

C11-C12 

0.000 

0.000 

C12-C13 

0.000 

0.000 

C1.3-C14 

0.000 

0.000 

Cl  4- 

0.000 

O.iXX) 

2188 

5549 

0.023 

0.f)02 

0.122 

0.039 

0.188 

0.086 

0.269 

0.078 

0.230 

0.191 

0.120 

0.335 

0.042 

0.215 

0.(X)5 

0.046 

0.000 

0.005 

0.000 

0.001 

0.000 

0.001 

'Slandard  cubic  meters  of  gas  extracted  prior  to  sampimg.. 

TABLE  12.  CALCULATED  EXTRACTION  GAS  CONCENTRATIONS 


VOLUME  OF 

AIR  EXTRACTED 
(standard  m^) 

CALCULATED 

HYDROCARBON 

CONCENTRATION 

(grams/litcr) 

CALCULATED  MASS 

OF  HYDROCARBONS 
(Jfg) 

218 

0.245 

62.6 

576 

0.246 

102.5 

1184 

0.246 

174,6 

13.54 

0.243 

48.5 

2188 

0.028 

132.0 

5549 

0.014 

82.6 

TOTAL  =  602.8 

A  small  hydrocarbon  vapor  sampling  pump  was  used  to  induce  air  flow  through  the  soil 
column.  Air  entering  the  soil  from  the  top  of  the  column  pas.sed  through  a  water  bubbler  to  prevent 
drving  of  the  soil.  A  0-  to  !.7-liters;rninutc  rotameter  was  used  to  measure  flow  rate,  and  Magnehelic 
differential  pressure  gauges  were  used  to  measure  pressure  drop  across  the  column.  Row  from  the 
sampling  pump  was  .sent  through  a  Beckman  Industrial  Mcxlel  400A  THA,  and  calibrated  with 
10  percent  methane.  All  lines  were  1/4-ip.ch  (0.64-cm)  polyethylene  tubing. 

The  0.0047-m^  soil  column  was  vented  for  6.1  hours  at  0.5  liters/minutc,  with  the  column 
effluent  concentration  continuously  recorded. 

2.  Q)lumn  Test  Results 

Effluent  concentrations  from  the  column  test  arc  shown  later  in  Figure  .^8.  These 
concentrations  are  displayed  in  terms  of  scaled  time,  which  is  defined  as  the  amount  of  air  passed 
through  the  column  divided  by  the  bed  volume.  Effluent  concentrations  were  initially  mucli  lower 
than  those  encountered  during  the  singlc-vcnt  pilot  test.  This  is  likely  due  to  loss  of  light-weight 
hydrocarbon  fractions  from  the  soil  sample  during  collection  and  transport. 

The  column  effluent  concentration  increased  slightly  in  the  early  stages  of  the  test  after  the 
air  volume  in  the  lines  between  the  column  and  the  analyzer  was  purged.  The  concentration  then 
peaked  and  began  lo  decrease  rapidly.  This  drop  of  concentration  in  the  column  test  forms  a  straight 
line  in  a  log-log  plot,  as  do  the  results  of  several  field  tests  reported  in  the  literature  (see  Volume 
I).  However,  it  is  doubtful  that  a  simple  column  test  can  be  constructed  that  would  provide  reliable 
system  behavior  projections.  This  is  due  mainly  to  differences  in  air  fiow/contaminant  contact; 
collection  of  a  representative  sample  would  also  be  a  factor. 

D.  /iV  5/7T/ PERMEABILITY  TESTS 

The  air  permeability,  k.  of  the  soil  is  the  single  most  important  site  variable  needed  for  design 
of  .a  .soil  venting  system.  Values  for  the  air  permeability  arc  necessary  for  estimation  of  the  quantity 
and  spatial  distribution  of  air  flow  as  well  as  vacuum  and  power  requirements  of  blowers.  To  assess 
spatial  variability  of  air  permeability  at  the  spill  site,  tests  were  conducted  on  each  of  the  monitoring 
weiLs  used  in  ihe  pilot  test,  in  .iJJitiiin,  a  simple  and  inexpensive  procedure  was  developed  for 
determining  the  air  permeability  in  an  open  borehole  using  inilatable  packers.  Two  additional  air 
permeability  measurements  were  made  using  this  procedure. 

1.  Transient  Recovery  Prtxxzdurc 

a.  Mcthrxiology 

Air  permeability  tests  '■cquire  the  creation  of  a  pre.ssurc  stress  by  either  injecting  or 
withdrawing  air.  A  large  pressure  drop  occurs  along  small  diameter  tubing,  such  as  the  0.64-cm 
diameter  tubing  u.sed  in  the  pressure  monitoring  wells  (.see  Figure  25).  As  a  result  it  was  not  possible 
to  measure  downhole  pressure  during  the  injection  or  withdrawal  of  gas.  Therefore,  transient 
recovery  tests  were  conducted.  The  tests  were  performed  by  injecting  nitrogen  at  a  known  and 
constant  rate  until  a  steady-state  pressure  was  ob'air.cd  in  the  test  interval.  It  was  most  convenient 
to  inject  gas  from  high  pressure  cylinders.  After  steady-state  had  been  reached,  the  injection  was  shut 
off  and  pressure  in  the  lest  intenail  could  be  accurately  measured  near  the  top  of  the  well  since 
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significant  head  loss  no  longer  occurred.  Because  the  transient  response  is  short  for  shallow  tests, 
a  high-speed  data  logger  and  pressure  transducer  capable  of  collecting  data  at  one-second  intervals 
were  used  to  record  pressure  as  a  function  of  time. 

The  general  setup  for  the  transient  recovery  tests  in  the  nonitoring  wells  is  shown  in 
Figure  33.  The  three-way  valve  shown  in  Figure  33  was  included  to  protect  the  pressure  transducer 
during  injection  against  the  high  pressure  which  was  required  to  obtain  the  necessary  flow  rate 
through  the  small  diameter  access  tube.  Flow  rates  during  these  tests  were  nominally 
0.003  kg/second,  requiring  about  15  minutes  to  approach  steady-state  conditions. 

b.  Data  Interpretation 

The  transient  pressure  response  depends  on  the  air  permeability,  flow  rate,  air-filled 
porosity,  and  on  the  geometry  of  the  test.  The  air  permeability  from  each  transient  recovery  test  was 
determined  using  a  curve  matching  technique  detailed  in  Volume  II.  Type  curves  generated  using 
the  finite-element  flow  model  FEMAIR  (see  Appendix  K,  unpublished,  available  from  ORNL  and 
AFESC)  with  boundary  conditions  indicating  the  depth  of  the  test  intervals  and  including  no-flow 
boundary  at  50  foot  depth  (the  depth  of  the  perched  water)  were  matched  to  the  transient  pressure 
response.  The  curve-matching  procedure  yields  a  result  for  the  air  permeability,  but  does  not  provide 
an  accurate  measure  of  the  air-filled  porosity. 

c  Results 

Figure  .34  shows  the  pressure  results  and  the  fit  to  the  type  curve  for  inonitoring  well  .34. 
Similar  fits  were  obtained  for  all  except  monitoring  well  .37,  which  did  not  respond  during  the  venting 
test  and  no  nitrogen  could  be  injected  for  determining  air  permeability.  Tne  well  was  presumed  to 
be  plugged.  Calculated  air  permeabilities  at  the  other  pressure  monitoring  points  ranged  from  3  x 
10  '*  to  6  X  10  “  m‘. 

2.  Steady  State  Procedure 
a.  Mcthtxioiogy 

In  addition  to  air  permeability  tests  on  the  existing  monitoring  wells,  a  simple  procedure 
was  developed  for  determining  air  permeability  in  shallow  borc.hoics.  The  test"  were  made  using  the 
equipment  shown  in  Figure  .35.  All  of  the  components  are  commercially  available.  A  hand-operated 
bucket  auger  was  used  to  create  the  borehole.  An  inflatable  packer  provided  a  means  of  sealing  the 
borehole  from  land  surface  down  to  the  test  interval.  The  pressure  monitoring  tube  allowed  accurate 
measurements  of  the  pre.ssure  in  the  test  interval,  using  a  prcs.surc  gauge  located  at  the  surface. 
Since  only  pressure  changes  are  used  in  the  calculations,  it  was  not  necessary  to  correct  the 
measurements  for  the  weight  of  air  inside  the  monitoring  tube.  Because  significant  head  loss 
occurred  along  the  air  hose  during  injection,  it  was  important  to  use  a  separate  pressure  monitoring 
tube.  The  purpose  of  the  flowmeter  was  to  assure  that  a  constant  flow  rate  occurred  throughout  the 
test.  The  absolute  flow  rate  was  determined  by  monitoring  the  source  tank  pressure,  and,  thus,  it  was 
not  necessary  to  calibrate  the  flow  meter  for  the  temperature  and  pres,sure  conditions  of  the  test. 
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COMPRESSED  GAS 


Figure  33.  Schematic  Diagram  of  Equipment  and  Installation  Used  to  Conduct  Transient  Air 
Permeability  Tests  in  Pilot  Test  Pressure  Monitoring  Weils. 
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35.  Schcm.-uic  Diacnim  of  Equipment  and  Installation  Used  to  Conduct  Stcadv-Statc  A 
Permeability  Tests  in  Shallow  Boreholes. 


The  optimal  flow  rate,  and  hence  the  required  capacity  of  the  flowmeter,  depends  on  the 
permeability  and  the  length  of  the  test  interval.  The  steady-state  pressure  change  in  the  test  interval 
was  not  allowed  to  exceed  14,000  Pascals  to  pre'vent  invalidating  the  constant  air  density  assumption. 
The  optimal  pressure  drop  is  about  1,000  Pascals,  which  in  these  tests  required  a  nominal  flow  rate 
of  0.004  kg/second. 

Three  compres.sed  nitrogen  cylinders  were  used  foi  each  test;  one  to  inflate  the  packer, 
one  to  adjust  the  flow  meter,  and  one  to  conduct  the  test.  The  packer  was  inflated  to  about  50  psig 
(345,(XK)  Pascals).  The  flow  rate  was  then  adjusted  to  the  optimal  value  by  injecting  nitrogen  into 
the  brarehole  from  one  of  the  compressed  gas  cylinders.  The  gas  ho.se  was  then  connected  to  the 
other  compressed  gas  cylinder  to  conduct  the  test.  The  absolute  flow  rate  was  determined  by  the 
change  in  cylinder  pressure  over  the  time  of  the  injection.  The  gas  pressure  is  a  function  of 
temperature  inside  the  cylinder,  which  changed  during  the  test  as  a  result  of  Joule-Thoinpson  cooling. 
To  eliminate  this  problem  the  cylinder  pressure  was  measured  before  the  test,  and  then  sufficiently 
long  after  the  test  to  allow  the  cylinder  to  warm  to  its  initial  temperature.  The  test  was  started  by 
first  closing  the  shutoff  valve  (without  adjusting  the  metering  valve),  then  opening  the  cylinder  valve. 
The  shutoff  valve  was  then  opened  and  a  stopwatch  started.  The  injection  continued  until  a  steady 
clcnvp-hc'lc  pressure  was  obtained. 

b.  Results 

The  air  permeability  value  for  each  steady-state  test  was  calculated  using  a  type  curve 
technique  as  described  in  Volume  II. 

Two  tests  were  conducted  using  the  steady-state  packer  methtxi  de.scribed  above.  Test 
intervals  ranged  from  0.6  to  1.4  meters  BLS  and  yielded  air  permeabilities  of  1.7  x  10  “  and  .3.7  x 
10  “  m'  Thc.se  values  are  within  the  range  of  permeabilities  measured  during  the  transient  tests. 


3.  Summary  of  In  Situ  Permeability  Testing 


Four  separate  depth  intervals  were  tested  in  the  transient  recovery  tests  and  the  steady-state 
packer  tests.  The  data  indicate  the  possibility  of  a  low  permeability  zone  at  about  9  meters  BLS. 
The  variation  of  measured  air  permeability  at  each  depth  is  less  than  a  factor  of  3  except  for  the  9- 
meter  depth  where  the  variation  is  nearly  a  factor  of  10.  This  suggests  that  the  low  permeability  zone 
m.iy  be  discontinuous  over  the  site.  The.se  permeability  tests  are  in  general  agreement  with  the  buk 
value  determined  from  the  singic-vent  pilot  test  as  de.scribed  in  the  following  section. 

E.  FI/JW  .MODELING 


The  pre.ssurc  measurements  and  air  flow  data  at  the  vent  well  were  u.scd  to  calibrate  a  two- 
dimensional.  radially  ,'ymmctric  flow  mixJcl.  Once  calibrated  to  the  exi.sling  field  conditions,  the 
model  served  as  a  powerful  illustrative  ttx)l  for  aid  in  designing  the  full-.scaic  venting  system. 
Furthermore,  the  calibrated  mrxlel  provided  insight  into  the  placement  of  monitoring  wells  to 
maximize  the  u.sefulne.s,s  of  field  data. 

The  numerical  Cixle.  FE.MAIR.  u.scd  in  msxJcling  air  flow  in  .soil  is  described  in  detail  in 
Appendix  K  (unpublished,  available  from  ORNL  and  AFESC).  This  appendix  also  presents  the 
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output  of  several  simulations  showing  the  importance  of  vent  design  and  placement  upon  air  flow  and 
soil  cleanup.  Modeling  of  the  pilot  test  air  flow  is  described  below. 

The  first  simulation  of  the  pilot  test  was  performed  with  an  isotropic  and  homogeneous 
permeability  and  no  surface  barrier.  The  simulated  air  flux  that  resulted  from  the  measured  prc.ssurc 
distribution  at  the  vent  well  was  then  integrated  over  the  length  of  the  well  screen  and  compared  with 
the  observed  air  extraction  rate.  The  air  permeability  was  then  scaled  so  that  the  integrated  air  flux 
along  the  vent  screen  agreed  with  the  observed  discharge.  This  procedure  resulted  in  an  air 
permeability  of  4.4  x  10  “  m'. 

Although  only  the  pressure  distribution  at  the  vent  w'eli  is  required  for  determining  liic 
bulk  effective  air  permeability,  an  evaluation  of  the  mathematical  mc^el  and  the  a.ssumptions 
employed  can  be  made  by  comparing  the  observed  and  modeled  pressure  distributions  at  various 
pcjints  in  the  solution  domain,  fllie  initial  simulations  were  done  using  a  constant  pressure  boundary 
at  land  surface.  Assuming  radial  symmetry,  the  observed  pressure  data  were  collapsed  onto  a  plane 
for  comparison  with  the  mode!  results.  Figure  presents  FEMAIR  mcxlel  outputs  of  isobars  in  the 
soil  at  an  extraction  rate  of  0.059  standard  m^sccond,  supcrimpr^cd  on  points  designating  results  cd 
the  single  vent  test.  The  observed  pressure  in  all  of  the  pressure  monitoring  points  was  le.ss  than  the 
simulated  value. 

.A  second  simulation  was  conducted  using  a  r.o-l1ow  upper  boundary  simulating  the  effects 
of  a  perfect  surface  barrier.  The  pressure  results  of  the  second  simulation  arc  shown  in  Figure  .17; 
however,  with  the  perfect  surface  barrier,  the  pressure  contours  are  more  parallel  to  the  vent  pipe 
tha.n  the  field  measurements.  The  no-llow  boundary  produced  a  much  better  lit  of  the  data.  The 
difference  between  observed  and  computed  pres.surcs  was  less  than  .1(X)  Pascals  for  most  of  the 
monitoring  points.  .Although  it  is  likely  that  a  better  fit  could  be  obtained  by  using  a  vari;ible 
permeability  distribution  and/or  an  imperfect  surface  barrier,  the  mixiel  was  deemed  adequate  for 
aiding  in  the  design  of  the  tuii-scale  test. 

The  cause  of  the  improved  fit  of  the  model  when  a  no-flow  boundary  at  the  surface  was  used 
can  only  be  speculated.  The  lest  was  conducted  in  January  during  cold  weather.  Site  personnel  were 
not  able  to  install  driven  monitoring  probes  due  to  icy  surface  conditions.  Frozen  surface  soils  have 
been  d(x:iimentcd  to  iniiibit  the  diffusive  flux  of  carbon  dioxide  and  oxygen  in  forested  soils 
(Relercnce  12),  and  it  is  (X).ssib!c  that  a  natural  barrier  existed.  This  has  imprutant  implications  to 
a  full-scale  venting  since  the  radius  ot  influence  of  a  venting  well  increases  significantly  when  a  nu- 
flow  surface  boundary  is  u.scd. 

F.  DISCUSSION 

1.  Projected  System  Behavior 

Estimates  of  the  removal  px:rformance  of  the  soil  venting  system  arc  u.scful  for  projecting  the 
operating  time  required  and  fc^r  economizing  the  system  design.  However,  uncertainties  in  the 
amount  and  distribution  of  contamination  and  component  behavior  make  this  prediction  difficult. 
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DISTANCE  FROM  WELL  (m) 


Figure  36.  Comparison  of  Observed  and  Modeled  Air  Pressure  in  the  Vicinity  of  the 

4.25  nr’/Minute  Singie-Vent  Test  With  a  Constant  Pressure  Boundary  at  Land 
Surface. 


DISTANCE  FROM  WELL  (m) 


Figure  37.  Comparison  of  Observed  and  MtxJcIcd  Air  Pre.ssure  in  the  Vicinity  of  the 
4.25  m^/Minute  Single-Vcnt  Test  With  a  No-Flt)w  Boundary  at  Land  Surface. 


T'ao  mcthtxls  were  used  lo  predict  the  performance  of  the  Hill  AFB  system.  The  ili.st 
method  is  an  empirical  comparison  of  the  single-vent  test  and  the  column  vent  lest  performed  on  soil 
."cniosed  Irom  ihe  site.  The  second  methixJ  is  an  idealized  theoretical  model  based  on  vafxtr-liquid 
equilibrium  of  the  components  of  JP-4.  These  results  provide  a  range  of  estimated  performance  for 
air  How  through  an  ideal  column  of  contaminated  .soil.  The  uncertainties  in  the  amount  and 
distribution  of  the  contaminatum  and  venting  geometry  will  change  the  timetable  for  removal 
performance,  but  may  not  alter  the  general  behavior  pattern. 

a.  Q)mparison  of  Single- Vent  Test  and  Column  Test 

This  method  was  performed  by  plotting  the  extraction  gas  concentrations  measured  in  the 
single  vent  test  on  the  same  log-log  plot  as  the  column  effluent  concentrations  in  the  column  vent 
test.  The  main  assumption  that  m.ust  be  made  using  this  method  is  that  the  soil  removed  from  the 
site  and  vented  in  the  column  with  a  linear  air  How  pattern  will  act  the  same  as  the  soil  at  the  site 
with  heterttgeneous  air  tlow  and  contamination.  This  is  certainly  not  true,  but  column  behavior  may 
provide  a  first  approximation  to  full-scale  system  behavior. 

Figure  ,'^8  shows  the  plot  of  concentration  versas  scaled  time  for  both  tests.  Hydrocarbon 
ccmcentrations  are  show  n  as  a  function  of  the  amount  of  air  extracted  from  an  affected  soil  volume. 
The  points  for  the  column  test  were  plotted  by  dividing  the  volume  of  air  extracted  by  the  volume 
of  soil  in  the  column.  The  etirly  non-iincar  portion  of  this  curve  may  be  due  to  dead  zones  in  the 
tubing  during  start-up  at  a  flow  rate  of  0.028  m’  air/m'^soil  (corresponds  to  less  than  5  minutes  in  the 
column  test).  The  later  portions  of  the  column  test  data  exhibit  a  linear  log-log  relationship.  The 
concentration  data  for  the  single-vent  test  were  placed  on  the  same  graph  by  assuming  an  affected 
soil  voiumiC.  This  soil  volume  was  chosen  by  noting  the  point  in  the  test  at  which  the  calculated 
hydrocarbon  concentration  began  to  drop  off,  on  the  order  of  1.T80  standard  cubic  meters  of  air 
extracted.  It  is  assumed  that  at  this  ptrint  the  equilibrated  soil  gas  in  the  affected  soil  volume  had 
been  cleared,  causing  a  drop  in  concentration  as  volatilization  became  the  rate-controlling  step. 
Assuming  a  porosity  of  this  results  in  an  affected  soil  volume  of  157,000  ft^  (4440  m^).  With  this 
basis,  the  single-vent  test  results  were  plotted  with  the  column  test  results.  Agreement  with  the  linear 
fit  is  quite  poor  in  the  early  portion  of  the  test  as  the  soil  gas  was  cleared,  but  as  volatilization 
became  important,  the  points  approach  the  linear  column  lest  fit. 

The  approach  of  the  single-vent  test  points  to  the  column  test  line  allows  an  order-of- 
magnitude  projection  of  system  behavior  using  the  line.  However,  a  critical  point  must  be  made  when 
choosing  the  volume  of  soil  to  be  treated.  Factors  involved  in  the  uncertainty  of  this  choice  are  the 
actual  contaminated  soil  volume  and  the  applicability  of  the  soil  sample  vented  as  an  average  of  the 
soil  contamination  at  the  site.  Since  the  soil  sample  used  was  from  the  cuttings  from  the  drilling  of 
the  single  vent  test  extraction  vent,  it  is  believed  to  be  a  good  approximation  for  a  composite  sample 
from  0  to  50  feet  (0  to  15.2  meters)  depth  at  the  average  soil  contamination,  except  for  the  most 
volatile  components  that  were  lost.  However,  the  most  volatile  components  are  removed  quickly 
during  venting  and  would  thus  would  not  have  a  great  effect  on  the  long-term  behavior.  Assuming 
a  soil  volume  of  1,125.0(X)  ff'  (,i  1.856  m'^),  the  variation  of  extraction  gas  concentration  with  time, 
based  upon  the  logarithmic  linear  fit  and  an  extraction  fiow  rate  of  .1000  scfm  (1.42  standard 
m '/second),  is  shown  in  Figure  .19. 


■igure  38.  Comparison  of  Single  Venl  Test  and  Column  Test  Gas  Concentration  Results. 


b.  Ideal  Vapor-Liquid  Equilibrium 

Estimates  of  extraction  gas  concentration  may  also  he  made  by  calculating  vapor 
concentrations  in  equilibrium  with  soil  contaminants.  The  mcxlel  used  here  is  an  ideal  model,  in 
which  the  entire  air  stream  comes  in  even  contact  with  the  hydrocarbons,  and  Raouit’s  Law  is  used 
to  approximate  the  equilibrium  concentrations.  A  computer  program,  described  in  Section  V.D.5. 
was  written  to  calculate  the  vapor  concentrations  with  ti.me.  taking  into  account  the  depletion  in  the 
liquid-phase  as  species  volatilize.  Using  input  of  JP-4  weight  fractions  and  assuming  a  3000  scfm  { 1.42 
standard  m^/second)  extraction  rate,  the  results  shown  in  Figure  39  were  obtained.  Hydrocarbon 
concentration  in  the  extracted  gas  is  dependent  on  the  amount  of  air  contacted  per  initial  weight  of 
fuel.  The  curve  exhibits  some  deviation  from  the  empirical  logarithmic  linear  relation. 

To  predict  concentration  behavior  with  time,  both  the  initial  amount  of  JP-4  and  the 
extraction  flow  rate  must  be  assumed.  Results  were  derived  for  cases  of  approximately  10  and  100 
percent  of  the  initial  spill  (7,500  and  75,000  kg).  This  factor  of  10  was  used  to  bracket  the  expected 
system  behavior.  The  extracted  gas  concentration  behavior  resulting  Irom  these  two  cases  are  also 
shown  in  Figure  39.  It  may  be  seen  that  these  cases  bracket  the  extrapolated  column  results.  As  will 
be  shown  in  Section  V.D.5,  the  actual  results  obtained  during  operation  of  the  full-scale  system  more 
closely  followed  the  UXl'^c  initial  spill  mass  curve,  both  in  magnitude  and  shape.  Thus,  it  is  seen  that 
projection  of  removal  behavior  is  an  uncertain  undertaking.  Use  of  an  tnuilibrium  model  requires 
accurate  knowledge  of  contaminant  mass  present,  and  small-scale  column  testi-ig  as  performed,  with 
one-dimensional  gas  How.  is  unlikely  to  accurately  represent  field  conditions. 

2.  Application  of  Flow  Modeling  to  Full-Scale  Vent  Spacing 

At  the  point  in  time  during  which  the  pilot  studies  were  conducted  and  the  full-scale 
demonstration  system  design  was  being  developed,  the  state-of-the-art  in  vent  spacing  and  placement 
in  the  literature  was  based  on  a  “radius  of  intluence"  indicated  by  a  radial  distance  correspe^ndinc  to 
a  given  vacuum  level.  Although  this  approach  is  a  definite  step  forward  from  a  rule-of-thumb 
approach  and  will  work  well  for  simple  .systems,  it  suffers  from  some  major  problems  which  arise  since 
vacuum  level  is  not  a  direct  measure  of  air  !low  at  any  point  in  the  soil.  The  pressure-based  radius 
ignores  the  relationship  of  permeability  to  the  fiow-pressure  correspondence.  For  instance,  in  the 
case  of  a  layered  site  (sec  Reference  13)  of  .sand  and  day,  in  which  the  screened  portion  of  the 
extraction  vent  intersects  both  layers,  there  will  be  .much  greater  How  in  the  sandy  zones  tiian  the  clav 
zones  (corresponding  to  faster  removal),  ut  the  vacuum  will  be  evidenced  farther  from  the  vent  at 
steady-state  in  the  clay  zones  due  to  the  lower  permeability.  In  this  case,  a  design  procedure  based 
on  a  pressure-based  radius  of  intluence  may  vicid  a  much  larger  vent  spacing  than  would  be  optimal. 
Other  probiem.s  with  this  approach  could  be  seen  in  cases  of  vents  with  overlapping  radii  of  influence. 
In  the  region  of  overlap,  vacuum  levels  will  be  increased,  but  flow  rate  will  decrease.  It  is  possible 
to  have  prxar  treatment  but  elevated  vacuum  levels. 

Using  the  results  of  the  singie-vcnt  pilot  study  and  air  flow  modelling,  a  vent  spacinii 
procedure  based  ujTon  air  tlux  in  the  soil  was  produced.  Since  removal  rates  are  much  more 
dependent  on  air  tlow  than  upon  pressure,  this  prtxedurc  may  be  more  closely  linked  to  performance 
of  the  system. 


Figures  40  and  41  presen;  plots  of  air  tlux  in  the  soil  at  sarious  depths  as  ‘ui’.ao.’n  oi 
distance  as  calculated  lor  the  Hill  AFB  conditions  by  the  FEMAIR  model  for  a  150  scfm  extraction 
rate.  Figure  40  presents  results  lor  a  perfect  surface  barrier,  and  Figure  41  presents  results  in  the 
cased  of  no  surface  barrier.  The  plots  show  a  logarithmic  relationship  of  fiux  with  distance,  with  the 
results  for  the  surface  barrier  case  representing  a  straight  line,  as  would  be  expected  for  pure  radial 
How.  FIllx  is  a  function  of  depth  near  the  vent  in  the  case  of  no  surface  barrier,  but  flux  becomes 
less  of  a  function  of  depth  farther  from  the  vent.  The  figures  also  show  that  the  "reach"  of  a  vent 
is  decreased  in  the  absence  of  a  surface  barrier,  evidenced  by  a  faster  drop  in  flux  with  distance  in 
Figure  41  than  in  Figure  40.  With  the  greater  "reach”  comes  higher  vacuum  requirements  at  the  same 
extraction  rate. 

TTese  flow  modeiins:  results  were  used  to  estimate  a  vent  spacing  to  meet  a  performance 
standard  based  on  air  flux  in  the  soil.  In  this  approach,  an  average  soil  concentration  is  used  to 
provide  a  total  air  volume  necessaiy  to  reach  a  given  removal  performance.  The  vent  spacing  may 
then  be  set  by  assuming  the  entire  soil  volume  is  at  the  flux  level  of  the  point  of  the  vent  spacing  of 
the  flux  versus  distance  plot  of  a  single  vent  operation. 

A  rough  design  calculation  for  the  Hill  .AFB  demonstration  would  assume  a  soil  content  of 
26.0()()  gallons  (7.08  x  iO’  grams)  m  7.2  x  lO'  ft’  (20.400  m^)  or  550()  grams/m^.  For  the  purposes  of 
vent  design,  a  performance  goal  of  50  percent  removal  by  volatilization  in  six  months  was  desired. 
From  the  equilibrium  removal  model,  appro.ximatcly  50  liters  per  gram  of  initial  JP-4  mass  is 
estimated  to  be  required  for  50  percent  removal,  amounting  to  3.54  x  10''  liters,  or  1.25  x  10**  ff*.  For 
a  SLX  month  operation,  this  corresponds  to  480  .sefrn.  .Assuming  that  three  vents  are  operating  at  one 
time,  the  curves  of  Figures  40  and  41  will  provide  an  estimate  of  flux  with  distance. 

With  an  average  contamination  of  3500  grams  of  JP-4  per  cubic  meter  and  50  liters  of  air  per 
gram  of  JP-4  contact  necessarv'.  each  cubic  meter  must  come  in  contact  with  a  fresh  175.000  liters  of 
air  over  the  period,  or  0.675  standard  liters  per  minute.  .Assuming  radial  flow,  the  affected  volume 
around  the  vent  is  jtrp'h.  a. here  r,  is  the  vent  spacing  and  h  is  the  vent  depth.  The  total  flow  must 
pa.ss  through  an  area  of  2r’.\n  at  the  vent  spacing,  .so  the  flux  at  a  distance  r,  from  the  vent  is 


Flux  = 


0.0263—^  r 
hrm^j 


In  the  above  equation,  the  flux  will  have  units  of  (kg  hr  '  m  ’)  if  r,  is  measured  in  meters. 


In  order  to  estmiaie  vent  spacing,  a  iriai-and-crror  procedure  is  used  to  find  the  value  of  vent 
spacing  which  causes  agreement  of  flux  as  caf-ulated  by  the  above  equation  with  that  predicted  by 
flow  modeling.  Flux  values  for  several  vent  spa.  mgs  are  given  in  Table  13. 
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TABLE  13.  CALCULATION  OF  PERFORMANCE-BASED  VENT  SPACING 


DISTANCE, 

METERS 

r-”  — — 

CAlXimATED 

n.ux* 

NEEDED 

FLUX*  WITH  NO 
BARRIER  AT  150 
CUBIC  FEET  PER 
MINUTE 
EXTRACTION 

RATE 

FLUX*  WITH 
BARRIER  AT  150 
CUBIC  FEET  PER 
MINUTE 
EXTRACTION 

Rate 

2 

0.052 

. . 

2.0  1 

[ 

5 

0.1.30 

o.so 

O.SO 

10 

0.262 

0.25 

! 

0.40  1 

15 

0.395 

0.10 

j 

0.25  1 

20 

0.524 

0.06 

0.20 

40 

1.050 

0.01 

0.12  1 

'Flux  values  listed  in  (kg  m  '  hr '). 


Agreement  between  the  rough  removal  performance  e.stima!ing  equation  and  the  How  modeling 
results  appears  to  range  from  10  meters  for  no  surface  barrier  to  about  12.5  meters  when  a  surface 
barrier  is  included. 

A  vent  spacing  of  40  feet  (12.2  meters)  in  a  grid  was  chosen  h^r  the  full-scale  implementation. 
This  spacing  was  selected  based  on  the  above  reasoning,  but  with  two  other  considerations:  (1)  the 
flux/dislancc  relationships  will  be  altered  in  multiple  vent  operation,  with  llux  levels  decreasing  in 
areas  between  vents;  and  (2)  flow  rates  greater  than  150  .scl'm  per  vent  were  expected,  allowing 
greater  vent  spacings.  The  40-foot  spacing  therefore  was  u.sed  to  give  reasonable  balance  between 
contliciing  factors  for  a  vent  spacing  criteria  ba.scd  on  a  performance  goal. 


G.  CONCLUSIONS  OF  PILOT  TESTING 

The  pilot  tests  described  in  this  section  provided  valuable  information  for  design  of  the  full-.scale 
venting  system  that  was  not  available  from  previous  site  characterization. 

A  singic-vent  pilot  test  at  the  site,  including  measurement  of  pressures  at  .several  points  in  the 
srhl  and  extracted  gas  contaminant  concentration,  was  particularly  useful  for  determining  .soil 
characteristics  and  initial  hydrcKarbrsn  levels  in  the  soil  gas.  The  .soil  at  the  site  was  found  to  be 
highly  pci  meabic.  A  vacuum  of  only  20  inches  of  water  (5(K)()  Pascals)  was  nece.ssary  to  extract  214 
scfm  (0.1  standard  mVsecond)  from  a  40-f(xat  (12.2-meter)  screened  interval.  The  high  permeability 
of  the  soil  resulted  in  rapid  transient  respoase  and  a  large  zone  of  inlluence.  The  concentrations  of 
hydrtxtarbons  encountered  in  operation  of  the  single-vent  pilot  test  were  much  higher  than  expected, 
on  the  order  of  6%  by  volume.  Gas  samples  taken  for  GC  analysis  were  subject  to  uncertainty  due 


to  possible  problems  with  entrained  condensate.  Estimates  of  emissions  were  made  from  the  known 
composition  of  JP-4  jet  fuel  and  from  relative  weights  of  hydrocarbon  fractions  in  the  GC  samples. 
It  is  likely  that  the  actual  amount  of  hydrocarbons  discharged  did  not  exceed  1.4.15  pounds  (610  kg). 

The  concentration  data  obtained  during  the  single-vent  pilot  test  were  not  sufficient  to 
adequately  predict  full-scale  system  behavior  due  to  the  limited  operating  period.  It  is  recommended 
that  future  pilot  tests  be  operated  for  an  extended  period,  include  a  snutdown  and  restart  for 
determining  the  importance  of  diffusional  resistance. 

The  single-vent  pilot  test  provided  the  most  useful  information  since  it  most  closely  simulated 
operation  of  the  full-scale  system.  However,  valuable  data  for  system  design  was  obtained  quickly  and 
inexpensively  through  in  iitu  permeability  testing.  The  results  of  this  type  of  testing  were  in  good 
agreement  with  the  results  of  the  singie-vent  test.  In  situ  permeability  testing  would  be  valuable  in 
place  of  a  single  vert  test  for  small-scale  sites  and  emergency  operations  or  for  a  quick  determination 
of  air  permeability  to  be  used  for  specification  of  blower  capabilities  in  a  pilot  system. 

The  lesuits  of  in  situ  permeability  tests  and  the  single-vent  pilot  test  were  u.scd  in  conjunction 
with  flow  modeiit'.g  to  provide  an  estimate  of  the  vent  spacing  required  in  the  full-scale  svstem.  A 
rough  estimation  technique  assuming  equilibrium  removal  and  averaged  soil  concentrations  and 
ignoring  multiple  vent  effects  provided  a  vent  spacing  of  .10  to  40  feet  necessary  at  this  site  for  an 
air  extraction  rate  of  150  scfm  per  vent  to  achieve  a  performance  goal  of  50  percent  removal  in  six 
months. 

The  limited  column  testing  performed  in  this  study  was  judged  not  to  provide  data  which  ctin 
be  reliably  translated  for  prediction  of  system  performance  in  terms  of  time  required  for  cleanup.  It 
may  have  generated  values  in  better  agreement  with  the  full-scale  performance  had  a  composite 
sample  been  collected  without  loss  of  any  volatile  components.  However,  the  limitation  of  column 
testing  in  having  good  air/contaminant  contact  in  a  linear  flow  pattern  will  cause  great  uncertainty 
when  extrapolating  behavior  to  model  that  of  a  field  system.  Column  testing  could  be  cxtremclv 
useful,  however,  for  a  test  of  the  applicability  of  venting  to  questionable  situations  (Reference  14) 
or  for  providing  a  site-specific  correlation  of  soil  concentration  to  equilibrated  soil  gas  concentration. 
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SEcrnoN  V 


FULL-SCALE  VENTING  DEMONSTRATION 


A.  INTRODUCTION 

In  order  to  investigate  the  eiTectiveness  of  soil  venting  as  a  viable  remediation  technolog>' 
applicable  to  JP-4  jet  fuel  spills,  a  full-scale  demonstration  system  was  designed  and  operated  at  the 
Hill  AFB  site.  Section  B  presents  a  physical  description  of  the  venting  system,  and  Section  C  details 
the  operation  of  the  system  during  the  test.  Results  are  grouped  in  sections  according  to  topic. 
Results  of  hydrocarbon  removal  by  volatilization  are  presented  in  Section  D,  while  removal  by 
biodegradation  is  documented  in  Section  E.  Results  of  in  situ  soil  moisture  measurements  taken 
during  the  venting  demonstration  are  presented  in  Section  F  The  results  of  vent  configuration  tests 
and  air  flow  modeling  are  brietly  di.scu.s.sed  in  Section  G.  Section  H  presents  the  results  of  a  test  of 
the  enhancement  of  removal  by  heating,  and  Section  I  details  the  performance  of  catalytic  oxidation 
units  used  for  emissions  control.  The  effectiveness  of  treatment  during  the  nine-month  demonstration 
period  is  evaluated  in  Section  J.  Section  K  presents  estimates  of  the  cost  of  complete  site 
remediation  by  soil  venting. 

B.  DESCRIPTION  OF  EQUIPMENT 

A  conceptual  drawing  of  the  Hill  AFB  in  situ  .soil  venting  demonstration  system  is  shown  in 
Figure  42.  The  sv'Stem  was  composed  of  three  subsystems:  ( 1)  a  vertical  vent  array  in  the  area  west 
of  the  tanks,  (2)  a  lateral  vent  array  below  the  tanks,  and  {J)  a  lateral  vent  svstem  in  a  pile  of  soil 
excavated  from  around  the  tanks.  The  three  subssstems  allowed  investigation  of  different  vent 
conligurations  in  the  same  study.  This  .section  will  describe  the  vent.  prc.ssurc-monitoring  point,  and 
mtinifold  designs  for  each  suhs)-stem.  The  blower  and  emission  control  system,  common  to  each 
subsystem,  are  described  at  the  end  of  this  section. 

1.  Vertical  Vent  Subsystem 

M(5st  of  the  operation  at  Hill  AFB  centered  around  the  vertical  vent  subsystem  since  most 
of  the  JP-4  was  found  in  this  area.  A  photograph  of  the  vertical  vent  subsystem  is  shown  in  Figure 
4.1.  This  system  consisted  of  15  vents  and  11  pressure-monitoring  points,  including  the  vent  and  nine 
pressure-monitoring  points  installed  for  the  single-vent  pilot  test.  Half  of  the  venting  area  was 
covered  by  a  surface  barrier  for  ctrmparison  of  How  patterns  with  and  without  a  barrier. 

a.  Qrnllguration 

The  vents  were  located  ba.sed  on  the  best  knowledge  of  contaminant  distribution,  allowing 
Pexibilily  in  operation  to  investigate  .severttl  different  venting  strategics.  The  vents  were  arranged  in 
a  scjtiare  grid  with  a  4()-|ix)l  (12.2-meter)  spacing.  Crxrrdinates  of  the  vents  are  listed  in  Appendix 
B.  The  center  line  of  vents  had  a  2()-f(X)i  (6.t-meter)  spacing  and  was  aligned  from  the  existing  vent 
installed  for  the  single-vent  pilot  test  to  the  ptiint  of  the  lank  vent  pipe  from  which  the  spill  occurred. 
Vent  spacings  in  the  Ib-fcxrt  (12.2-metcr)  square  grid  were  ba.sed  upon  the  pilot  lest  and  mtxlelling 
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:ptua!  Design  of  In  Situ  Soil  Venting  Demonstration  System  at  Hill  AFB. 


ical  V'cnl  Sysicm 


as  described  in  Section  IV.F.  The  20-foot  (6.1 -meter)  spacing  along  the  center  vent  line  was  not 

intended  to  be  an  optimized  vent  spacing;  rather,  it  was  used  to  allow  opc-ation  of  several  vent 

configurations.  Each  vent  was  vaived  separately  to  allow  each  to  act  as  either  an  extraction  vent  or 
as  a  passive  inlet  vent. 

Pressure-monitoring  points  ’.vere  arranged  to  ail^w  monitoring  of  the  pressure  distribution 
throughout  the  sv’stem  at  various  depths  in  order  to  map  air  flow  patterns  resulting  from  different 
venting  strategies.  Coordinates  of  the  pressure  monitoring  points  are  listed  in  Appendix  B.  A  layout 
of  tne  monitoring  points  in  relation  to  the  vents  and  ether  site  features  is  shown  in  Figure  -14.  The 
pressure  monitoring  points  may  be  broken  down  into  .1  groups:  (I)  points  surrounding  a  single  vent 
in  the  area  with  a  surface  barrier,  (2)  points  surrounding  a  single  vent  irj  the  area  without  a  surface 

barrier,  and  (3)  points  within  and  extending  outward  from  the  vent  well  system  to  determine  areal 

vacuum  inlluence.  The  configuration  of  the  pressure  monitoring  points  was  intended  to  provide 
pressure  distribution  data  while  minimizing  t.he  influence  of  soL'  inhomogeneities.  Each  prc.ssure 
monitoring  point  was  installed  in  a  separate  borehole  to  avoid  uncertainty  invited  by  boreholes  with 
multiple  completions. 

The  pressure-monitoring  points  in  the  area  of  the  surface  barrie'’  were  cente.''ed  around 
Vent  9  (see  Figure  44).  This  vent  was  chosen  as  the  center  because  it  could  be  included  in  the 
largest  number  of  vent  configuration  tests.  Eleven  pressure  monitcring  p'.iints  were  placed  as  close 
as  possible  to  the  diagonal  line  through  Vent  9  and  Vent  14  to  determine  pressure  distributions 
ixirween  vents.  Six  of  the  pressure-monitoring  points  were  placed  at  radial  distances  of  10  and  16.5 
feet  (.3.1  and  5.0  meters)  from  Vent  9,  at  depths  of  25  and  45  feet  (7.6  and  13.7  meters).  Pre.ssure 
monitoring  points  were  not  placed  at  lower  depths  in  this  area  due  to  perched  water  encountered  at 
a  depth  of  45  to  50  feet  (13.7  to  15.2  meters).  A  prcssuic-monitoring  point  was  placed  on  the 
opposite  side  of  Vent  9  at  a  distance  of  10  feet  (.3.1  meters)  and  depth  of  25  feet  (7.6  meters).  Four 
pressure-monitoring  points  were  placed  near  the  center  of  the  square  grid  formed  by  Vents  3.  4.  9 
and  10.  at  depths  of  6,  25,  and  45  feet  (1.8,  7.6,  and  13.7  meters).  Two  additional  points  were 
installed  at  a  depth  of  .10  feel  (9.1  meters)  ai  the  midpoints  between  Vent  9  and  Vents  3  and  10. 

The  pressure-monitoring  points  in  the  area  without  a  suriace  barrier  were  centered  around 
the  vent  u.sed  in  the  single-vent  pilot  test.  Vent  7.  In  addition  to  the  pressure  monitoring  points  in 
place  from  that  test,  8  additional  points  were  installed  as  close  as  pir*s,s!blc  to  the  diagonal  line  running 
through  Vents  7  and  12.  Between  the  vents,  points  were  placed  «  depths  of  6  and  45  feet  (l.S  and 
13.7  meters)  at  a  radial  distance  of  10  feet  (3.0  meters),  and  at  depth.s  of  6  and  25  feet  (l.S  and  7.6 
meters)  ,.t  a  radial  distance  of  16.5  feet  (5.0  meters).  A  pre.ssijre  psiint  wa.s  placed  on  the  opposite 
side  of  Vent  7  at  a  radial  distance  of  10  feet  (3.0  meters)  and  a  depth  of  25  feel  (7.6  meters),  rhrcc 
additional  pressure  points  were  placed  near  the  center  cf  the  square  griu  formed  by  Vcni.s  5,  7.  12. 
and  13  at  depths  of  6,  25.  and  65  feet  (1.8,  7.6,  and  i9.S  meters). 

Four  prc.ssurc  monitoring  points  were  insiailed  for  the  purpose  of  mca.surinc  the  areal 
extent  of  vacuum  influence.  Points  were  placed  at  a  depth  of  .10  feet  (9.1  meters).  20  feet  (6,1 
meters)  north  of  Vent  3,  20  feet  (6.1  meters)  south  of  Vent  I.*  and  Vent  14.  and  as  far  wc.sl  ar. 
possible  of  Vent  5. 

Points  driven  to  approximately  5  feet  (1.5  meters)  were  also  placed  throughout  the  system 
for  further  pressure  monitoring.  The  coordinates  of  these  drben  pre.ssurc  points  arc  listed  in 
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Appendix  B.  Tlicse  pcoints  were  laid  out  according  to  two  methods.  The  first  set  was  place<i  in 
basically  the  same  arrangement  as  the  pressure-monitoring  points  discussed  above,  but  were  intended 
to  measure  pressures  at  points  in  the  soil  nearer  the  surface.  Driven  ptrints  were  placed  near  Vents 
7  and  9  at  various  radial  distances  in  order  to  measure  pressure  vari^>ttan  near  the  surface  and  very 
close  to  these  vents. 

b.  Vent  Construction 

The  vents  in  the  full-scale  vertical  system  were  of  similar  construction  to  the  single  vent 
described  in  Section  IV  (see  Figure  24).  Each  4.5-inch  (1 1.4-cm)  OD,  4-inch  (10.2-cm)  ID  vent  was 
installed  in  a  9.675-inch  angered  hole.  Each  vent  consisted  of  a  40-foot  (I2.2-meter)  length  of  flush- 
joint  Schedule  40  PVC  screen  (slot  width  0.02  inches)  installed  at  a  depth  of  between  10  feet  and  50 
feel  (.7.0  meters  and  15.2  meters)  below  ground  surface  and  capped  at  the  lower  end.  Hush-joint 
Schedule  40  PVC  was  used  for  the  riser  pipe.  PVC  cement  was  used  to  join  all  PVC  fittings. 
Stai.tless  steel  centralizers  were  installed  to  maintain  the  riser  pipe  in  the  center  of  the  borehole. 
Vents  6  and  10  were  constructed  in  a  similar  manner  with  stainless  steel  screen  and  riser  pipe  to 
allow  the  injection  of  hot  air. 

Each  auger  hole  was  backfilled  with  dry  coarse  sand  to  one  foot  above  the  screen,  using 
a  iremie  lube.  A  12-mch  v.7d-cin)  layer  of  bentonite  pellets  was  placed  on  top  of  the  sand,  and  the 
hole  was  grouted  to  the  surface  by  tremie  tube  with  cement-bentonite  (9:1)  grout.  A  concrete  collar 
approximaicly  2  feet  (0.6  meters)  in  diameter  was  installed  to  provide  mechanical  stability  for  the  vent 
and  to  divert  rairlail  from  penetrating  the  backfilled  hole.  Each  vent  extended  at  least  1  foot  (.70 
cm)  abtrve  the  concrete  collar,  and  was  capped  with  a  PVC  cap  to  pre-.-ent  water  infiltration  before 
system  installation,  and  protected  with  8-inch  (20-cm)  diameter  steel  pipe  extending  to  3  inches  (7.6 
cm)  below  the  top  of  the  vent  pipe. 

c,  Pressure-Monitoring  Point  Construction 

The  pressure-monitoring  points  were  installed  to  measure  the  pressure  at  points  in  the 
soil  throughout  the  system.  Their  design  also  allowed  experime.ntal  in  situ  permeability  studies  and 
extraction  of  soil  gas  samples. 

The  pressure-monitoring  points  consisted  of  l-;nch  {2.54-cm)  OD  flush-joint  PVC  with 
a  2 -hx)!  (61-cm)  screened  section,  capped  at  the  lower  end.  connected  to  the  remaining  upper  section 
of  l-inch  (2.54-cm)  flash-joint  PVC  well  casing  (see  Figure  45).  The  .nonitoring  points  were  installed 
in  a  4-inch  ( ]0.2-cm)  augered  boreholes.  PVC  cement  was  used  to  join  all  sulisurface  PVC  fittings. 
Stainless-steel  centralizers  were  used  to  maintain  the  riser  pipe  in  the  center  of  the  borehole.  Coarse 
sand  wa.s  packed  to  a  depth  of  1  f(.x)t  (70.5  cm)  above  the  screens,  using  a  trcrnic  tube.  The  holes 
were  backfilled  with  a  12-inch  (70.5-cm)  layer  of  bentonite  pellets,  followed  with  cement-bentonite 
grout  to  the  surface  to  seal  against  air  (low  from  the  surface.  The  point-s  extended  at  least  1  foot 
(70.5  cm)  above  ground  surface,  and  were  capped  with  PVC  caps  to  prevent  water  infiltration  and 
protected  with  8-inch  (  20.7-cm)  diameter  steel  pipe  extending  3  inches  (7.6  cm)  below  the  top  of  the 
riser  pipe.  Tne  PVC  caps  were  drilled  and  tapped  with  1/4-inch  {6.4-mm)  tubing  fittings  installed  for 
connection  of  pressure  gauges  and  sampling  lines. 


95 


1  in.  OD 
Sci^adule  40  Pipe  — 

6  in.  diam.  Steel  Pipe  — . 

Concrete  — ^ 

Ground  Surface 

•' '  <' '  ^  \  -^Y, 

Cement-Bentonite 
Grout — ^  t'/ 


Bentonite  Pellets 
Coarse  Sand 
6  in.  Auger  Hole 


Slotted  PVC, 

0.02  in.  Slot  Width  — 


1  8  in. 


*i4 '^N.  3  in.  min. 

'  6  in. 


Overall  depth:  6  ft.  (4  probes) 

15  ft.  (3  proDes; 

25  ft,  (5  probes) 

- —  30  ft.  (11  proDes) 

^  45  ft.  (6  probes) 
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Figure  45.  Schematic  Drawing  of  Pressure  Probe  Design  and  Installation  (3.0  meters)  long. 


The  pressure  monitoring  points  that  were  driven  into  the  soil  at  several  points  in  the 
system  were  constructed  from  1/4-inch  (6.4-mm)  stainless  steel  capillary  tubing  5  to  10  feet  (1.5  to 
.3.0  meters)  long.  Radial  cuts  in  the  tubing  allowed  monitoring  of  pressure  at  the  pointed  end  of  the 
probe.  Pressure  gauges  were  then  attached  to  tubing  connections  at  the  other  end. 


d.  Surface  Barrier 

A  surface  barrier  was  placed  over  half  the  venting  area  to  investigate  the  effects  of  short- 
circuit  air  flow.  The  barrier  covered  a  rectangular  area  approximately  80  x  140  feet  (24.4  x  42.7 
meters),  extending  from  the  cement  storage  tank  enclosure  on  the  east  to  the  waste  oil  berm  on  the 
northwest,  and  70  feet  (21.3  meters)  from  the  center  vent  line  to  the  north  and  south. 

The  surface  barrier  was  installed  by  scraping  the  area  to  a  depth  of  12  inches  (30.5  cm) 
with  a  bulldozer,  and  manually  spreading  out  a  10-mil  (0.254-mm)  polyethylene  sheet  followed  by  one 
6-mil  (0.152-mm)  polyethylene  sheet  over  the  area  and  covering  both  plastic  sheets  with  the  soil  that 
was  removed.  Edges  of  the  plastic  sheeting  were  overlapped  at  least  3  feet  (0.9  meters)  to  ensure 
an  effective  barrier  to  air  How.  Care  was  taken  to  not  move  or  puncture  the  plastic  when  covering 
with  soil.  The  soil  was  then  compacted  so  that  moving  the  drill  rig  in  ihe  area  would  not  move  or 
puncture  the  plastic. 

The  barrier  was  installed  before  the  drilling  of  the  pressure  monitoring  points  and  vents. 
The  soil  overlying  the  plastic  sheet  was  carefully  scraped  away  manually  and  the  sheet  was  cut  to 
ensure  passage  of  ihe  auger  prior  to  boring. 

Despite  ail  precautionary  digging  permits,  a  water  main  was  struck  when  drilling  for 
sampling  and  vent  installation.  During  the  escape  of  water  and  the  repair  of  the  water  line,  the 
surface  barrier  was  damaged  in  a  6-foot  (1.8-meter)  diameter  area  around  the  site  of  the  puncture. 
After  the  water  main  was  repaired,  the  surface  barrier  was  replaced  by  installing  overlapping 
polyethylene  sheets  over  the  damaged  area.  The  barrier  patch  was  then  manually  covered  with  soil, 
and  compacted  as  in  the  original  installation  procedure. 

e.  Vent  Head  Connections 

PVC  and  steel  fittings  were  used  to  connect  each  vent  to  the  manifolds.  The  vent  heads 
were  of  three  configurations  (see  Figure  46):  one  for  vents  at  the  end  of  a  manifold  to  allow  dilution 
air  (either  atmospheric  or  heated)  into  the  manifold,  one  for  the  vents  used  for  heat  injection,  and 
another  for  the  remaining  vents  that  did  not  allow  for  dilution  air.  Each  of  the  vents  could  be 
operated  as  a  passive  inlet  vent.  The  reason  for  the  different  configurations  is  to  allow  dilution  only 
at  the  ends  of  each  line,  causing  a  sweeping  of  the  line  to  prevent  large  pockets  of  explosive  gas 
mixtures. 


For  each  of  the  two  configurations  not  involving  heat  injection,  a  4-inch  (10.2-cm)  PVC 
tee  was  placed  atop  each  vent  head.  Piping  and  valving  was  installed  to  allow  for  multiple  uses  of 
each  vent  head.  On  vents  at  the  end  of  a  manifold,  (Vents  1,  4,  5,  11,  12,  and  15)  piping  was 
installed  to  allow  for  use  as  an  inlet  air  vent,  extraction  vent,  heated  air  inlet,  or  dilution  air  inlet 
vent.  This  was  accomplished  by  installing  a  4-inch  (10.2-cm)  PVC  butterfly  valve  above  the  vent  head 
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and  at  the  manifold  connection,  along  with  2-inch  (5.1-cnt)  carbon  steel  butterfly  valves  to  allow 
heated  air  or  atmospheric  air  to  be  introduced.  On  all  vents  that  were  not  end  vents  or  heat  injection 
vents  (VenLs  2,  7,  8,  9,  1.1,  and  14),  piping  was  modified  to  allow  use  a.s  either  an  inlet  air  vent  or 

extraction  vent.  A  4-inch  (10.2-cm)  PVC  butterfly  valve  was  installed  at  the  manifold  pipe  and  a  2- 
inch  (5.1 -cm)  PVC  ball  valve  was  installed  to  control  dilution  with  atmospheric  air. 

A  4-inch  (10.2-cm)  steel  flanged  tee  was  placed  atop  steel  Vents  6  and  10.  One  of  the 
fianges  was  connected  directly  to  the  heated  air  inlet  line.  This  flange  was  blanked  with  a  plate  when 
heated  air  inlet  was  not  desired.  The  other  flanged  end  was  connected  to  a  4-inch  (10.2-cm)  PVC 
line  leading  to  the  6-inch  (15.2-cm)  PVC  manifold  line.  A  4-inch  (10.2-cm)  butterfly  valve  was  used 
to  control  extraction  from  the  vent.  The  PVC  line  could  be  detached  in  case  the  vents  were  to  be 
operated  as  inlet  vents  or  with  neated  air  injection  (with  a  blank  plate  attached  to  the  steel  tee 
fiange). 


Taps  normally  containing  1/4-inch  (6.4-mm)  stainless  steel  tubing  fittings  on  the  vent  head 
connections  allowed  measurement  of  vacuum,  temperature,  humidity,  and  fiow  rate,  and  provided  a 
point  for  extraction  of  gas  samphrs. 

f.  Manifold 

Large -diameter  schedule  40  PVC  pipe  (6  inches)  was  used  to  direct  flow  from  the  vents 
to  the  blower.  Pipes  were  run  on  supports  along  the  ground,  meetirtg  the  main  north-south  8-inch 
(20..7-cm)  PVC  manifold  at  the  center  of  the  vertical  system.  These  ducts  were  sized  to  produce  less 
than  10  inches  of  water  (2500  Pascals)  pressure  drop  at  a  .'000  scfm  (1.42  standard  meter^/sccond) 
flow  rate.  The  pipe  thickness  was  adequate  to  withstand  1000  inches  of  water  (250,000  Pascals) 
negative  pressure  differential.  The  pipes  throughout  the  system  were  insulated  with  2-inch  (5.1-cm) 
fibergla.ss,insnlanon  and  wrapped  with  an  aluminum  covering  to  protect  them  from  water.  Sec 


g.  Neutron  Probe  Access  Tubes 

Soil  moisture  is  a  dominant  environmental  variable  in  determining  soil  permeability,  and 
thus  air  flow  and  venting  effectiveness.  To  assess  changes  in  soil  moisture  during  venting,  three 
neutron  probe  accc.ss  tubes  were  installed;  one  each  near  the  center  of  the  covered  and  uncovered 
vent  areas,  and  a  control  tube  outside  the  vent  array.  Ctxjrdinatcs  of  these  tubes  are  listed  in 
Appendix  B. 

Boreholes  for  the  neutron  access  tubes  were  drilled  to  a  depth  of  50  feet  (15.2  meters) 
with  2-inch  (5.1-cm)  auger  bits.  The  ncut.'on  access  tubes  consisted  of  20-fool  (6.1-mclcr)  length.s 
of  2-inch  (5.1-cm)  ID  thin-walled  aluminum  tubing,  joined  with  ihin-walled  brass  sleeves  and  quick¬ 
setting  epoxy  cement,  with  a  drive  point  fitted  at  the  lower  end  (Figure  47).  The  tubes  were  installed 
by  pushing  with  the  auger  rig  into  the  borehole.  Each  lube  section  was  joined  immediately  prior  to 
installation.  Following  tube  installation,  a  concrete  collar  approximately  2  feet  (61  cm)  in  diameter 
was  installed  to  provide  mechanical  stability  for  each  tube  and  to  divert  rainfall  from  penetrating 
down  the  backfilled  hole.  The  tubes  extended  at  least  18  inches  (45.7  cm)  above  the  concrete  collar, 
and  were  capped  with  a  friction-fit  PVC  cap  to  prevent  water  infiltration.  A  6-inch  (l5.2-cm) 
diameter  protective  steel  casing  equipped  with  a  drain  bole  at  the  ba.se  was  installed  around  each 
tube.  The  casing  extended  no  more  than  2  inches  (5.1  cm)  above  the  top  of  the  neutron  access  lube. 
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Figure  47.  Schematic  Drawing  of  Neutron  Acces.s  Tube  Design  and  Installation. 


2.  Lateral  Vent  Subsystem 

The  lateral  vent  subsystem  was  installed  in  October  1987  at  the  time  of  the  tank  excavation 
as  shown  in  Fisjure  48.  The  lateral  vents  were  installed  to  decontaminate  the  soil  beneath  the  tanks 
that  was  not  removed  during  the  tank  excavation.  This  area  was  covered  by  fill  material  and  a 
concrete  pad.  The  tanks  were  enclosed  within  a  concrete  dike, 

a.  Configuration 

The  six  lateral  vents  lie  at  a  depth  of  approximately  20  feet  BLS  and  approximately  15  feet 
apart,  running  east  to  west  across  the  tank  area  (Figure  49).  Blank  flange.s  were  used  as  needed  to 
allow  each  lateral  vent  to  act  as  either  an  e.xtraction  vent  or  as  a  passive  air  inlet  vent. 


b.  Vent  Construction 

Six  35-foot  {10.7-meter)  long  trenches  were  dug  across  the  excavated  area  5  feet  (1.5 
meters)  from  the  floor  of  the  excavation  to  approximately  19  feet  (5.8  meters)  BLS.  The  trenches 
angle  from  12  inches  (30.5  cm)  wide  at  the  bottom  to  3  to  5  feet  (0.9  to  1.5  meters)  wide  at  the  top. 
A  6-inch  (i5.2-cr.i)  layer  of  washed  gravel  was  poured  into  the  trench,  above  which  wa.s  placed  the 
vent  pipe.  The  vent  pipe  consisted  of  4-inch  ( 10.2-cm)  perforated  polyethylene  pipe  wrapped  in  filter 
fabric,  which  was  run  the  length  of  the  trench.  Washed  gravel  was  poured  on  top  of  the  vent  pipe 
to  a  depth  of  1  foot  (30.5  cm).  The  remainder  of  the  trench  was  filled  with  concrete  to  prevent 
short-circuit  flow  of  air.  Non-perforated  polyethylene  pipe  was  run  from  the  concrete  surface  up  the 
sides  of  the  excavation  to  the  surface.  The  e.xcavation  was  lined  with  plastic  before  fill  material  was 
laid  for  construction  of  the  tank  enclosure. 

c  Pressure  Monitoring  Point  Construction 

Probes  were  placed  in  the  soil  during  lateral  system  installation  and  sampling  for  the 
purpose  of  pressure  monitoring  and  extraction  of  soil  ga.s  samples.  The  position  of  these  probes  is 
shown  in  Figure  21,  and  coordinates  are  listed  in  Appeedix  B.  Fourteen  probes  were  placed  at  a  5- 
foot  (1.5 -meter)  depth  from  the  excavation  floor  (19  feet  BLS)  in  the  sampling  holes  set  on  a  17.5- 
foot  X  17.5-foot  (5.3-meter  x  5.3-meter)  rectangular  grid.  To  this  w.as  added  an  array  of  probes  which 
was  ased  to  provide  information  on  flow  patterns  between  the  lateral  vents.  These  18  probes  were 
placed  at  depths  of  2.5,  5,  and  7.5  feet  (0  8,  1.5.  and  2.3  meters)  from  the  excavation  floor,  and  at 
distances  of  3.75,  7.5  and  11.25  feet  (1.1,  2.3,  and  .3.4  meters)  from  the  vent  pipes,  in  the  sp.accs 
between  the  southernmost  three  vents. 

The  soil  gas  probes  were  constructed  as  shown  in  Figure  50.  A  6-inch  (l5.2-cm)  length 
of  schedule  80  PVC  pipe  was  perforated  with  at  least  twelve  0.328-inch  {().833-cm)  diameter  holes. 
Stainless  steel  screen  was  rolled  up  and  fit  inside  the  tube  to  hold  out  sand.  Solvent-welded  caps 
were  placed  on  both  ends  of  the  tube.  One  cap  was  drilled  and  lapped  for  installation  of  a  l/'4-inch 
(6.2-mm)  pipe-to-tubing  adaptor,  .sealed  with  Teflon*  tape.  Thick-walled  1/4-inch  (6.2-mm) 
polyethylene  tubing  was  run  from  the  probe  to  the  surface.  The  probes  were  placed  at  the  bottom 
of  the  boreholes,  and  surrounded  and  covered  with  pea  gravel  to  a  height  of  14  inches  (35.6  cm). 
The  grave!  was  covered  with  at  least  10  inches  (25.4  cm)  of  sand  mix  concrete,  with  the  remainder 


101 


Lateral  Vent  System  Side  View. 


of  each  hole  backfilled.  The  polyethylene  tubc.s  were  manually  placed  in  4-inch  (10.2-cm)  deep 
trenches  across  the  floor  of  the  c.xcavaiion  and  up  the  sides  to  the  surface.  The  trenches  were 
manually  backfilled  to  protect  the  tubes  from  damage  during  later  installatioti  of  the  concrete  trench 
liner. 

d.  Manifold 

The  lateral  system  vent  pipes  were  connected  to  a. separate  north-south  6-inch  (15.2-cmj 
PVC  manifold  parallel  to  the  east  side  of  the  tank  enclosure.  The  end  of  the  vent  pipes  exposea  on 
the  west  side  of  the  tanks  were  capped.  .An  orifice  plate  and  a  valve  were  installed  in  the  lateral 
system  m.anifold  for  flow  measurement  and  control.  See  Section  V.B.  for  more  piping  details. , 

3.  Excavated  Soil  Pile  Subsystem 

The  excavated  soil  pile  venting  subsystem  consisted  of  a  series  of  lateral  vents  placed  in  the 
contaminated  soil  removed  during  the  tank  e.xcavaiion.  Approximately  52.0(Xl  ft  ’  (1470  m')  of  .soil 
originally  contaminated  to  gre-ater  than  1  percent  by  weight  of  hydrocarbons  were  removed  and 
formed  into  a  non-compacted  pile  with  a  volume  of  approximately  58,000  ft'  (1640  m'). 

a.  Pile  Preparation 

The  excavated  soil  was  formed  into  a  pile  160  feet  (4S.S  meters)  long  with  a  nearly 
triangular  cross  section  43  feet  (13.1  meters)  at  the  base  and  17  feet  (5.2  meters)  high.  Because  of 
erosion  of  the  pile  due  to  wind  and  rain,  the  pile  was  dressed  and  covered.  .Approximately  5  feet  ( 1.5 
meters)  from,  the  ridge  of  the  pile  was  removed,  to  reduce  the  pile  height  to  12  feet  (3.7  meters) 
above  ground  surface.  The  removed  soil  was  allowed  to  slide  down  the  .sides  of  the  pile.  The  sides 
of  the  pile  were  then  dressed  and  compacted  to  a  slope  of  no  greater  than  ,35  degrees  (1:1.43).  The 
pile  was  then  completely  covered  with  gcotexiile  matting.  The  matting  consisted  of  woven  wood 
fabric  with  netting  on  both  sides,  with  mesh  size  no  larger  than  1  inch  x  2  inch,  and  at  least  48  inches 
in  roll  width.  The  matting  was  applied  vertically  in  accordance  with  the  manufacturer's  specifications. 
The  edges  were  stapled  consistent  with  the  manufacturer's  specifications,  and  engaged  the  edges  of 
both  adjacent  strips  for  adequate  anchorage. 

b.  'Vent  Construction 

The  vents  were  constructed  from  4-inch  ( l().2-cm)  perforated  pniycthylenc  drainace  pipe 
with  filter  fabric  cover.  The  eight  vents  were  placed  horizontally  in  the  pile  as  it  was  formed  at  a 
nominal  level  of  5  feet  (1.5  meters)  high  and  18  feet  (5.5  meters)  apart.  The  submerged  Icncth  of 
the  vents  was  about  .36  feet  (11.0  meters). 

c.  Pressure  Monitoring  Point  Q)nstruction 

Pressure  monitoring  points  were  pounded  into  several  location.s  in  the  pile  to  monitor  air 
flow  within  the  pile.  The  pressure  monitoring  points  were  constructed  from  1/4-inch  (6.4-mm) 
stainless  steel  capillary  tubing  5  to  T  feet  (1.5  to  3.0  meters)  long.  Radial  cuts  in  the  tubing  allow 
monitoring  of  pressure  at  the  pomted  end  of  the  probe.  Prc.s.sure  gauges  were  attached  to  tubing 
connections  at  the  other  end. 
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d.  Manifold 


The  ends  of  the  %'ent  pipes  on  the  northern  side  of  the  pile  were  connected  to  an 
insulated  6-inch  (15.2-cm)  PVC  manifold  leading  to  the  mam  manifold  upstream  of  the  blower  and 
dilution  system.  The  other  ends  of  the  vents  were  sealed  with  rubber  disk  inserts  followed  by 
concrete. 

4.  BIowcr/'Emission  Qmtrol  System 

Tne  blower/emission  control  system  was  common  to  the  three  venting  subsystems,  providing 
vacuum  for  inducing  air  flow,  and  treating  emissions  as  necessary  to  meet  regulatory  requirements. 
Two  separate  catalytic  destruction  units  were  employed,  one  with  a  fixed  catalyst  bed  and  the  other 
with  a  tluidized  bed. 

The  blower/emissions  control  system  provided  a  vacuum  source  for  extraction  of  up  to 
150()  scfm  (0.71  standard  m^/second)  from  the  soil  contaminated  with  JP-4  jet  fuel  and  destruction 
of  up  to  approximately  99  percent  of  the  hydrocarbons  in  the  extracted  gas.  A  schematic  of  the 
system  is  shown  in  Figure  51  and  a  photograph  is  included  as  Figure  52.  The  system  consisted  of 
manifold  piping,  flowmeters,  a  knock-out  drum,  fla.me  arrestors,  three  vacuum  blowers,  two  rental 
catalytic  oxidizers,  exhaust  stacks,  and  the  heated  gas  injection  line.  The  blower/emissions  control 
system  was  placed  outside  the  vertical  vent  area  to  comply  with  fire  codes  for  the  fuel  storage  area. 

a.  Manifold  Piping 

.A.  schematic  of  the  piping  connections  from  the  three  subsystems  to  the  blower/emissions 
control  system  is  shown  in  Figure  53.  Six-inch  (15.2-cm)  insulated  PVC  pipe  was  used  for  each 
manifold  pipe  lo  the  point  where  it  joined  an  8-inch  (20.3-cm)  main  pipe  that  carried  vapors  to  t.he 
biower/emissions  control  .system. 

b.  Flowmeters 

Orifice  plate  flowmeters  were  installed  on  the  lines  leading  from  each  subsystem.  Orifice 
platc.s  were  aLso  installed  on  the  lines  from  each  blower  to  each  catalytic  oxidation  unit. 

The  orifice  plates  were  designed  with  radius  taps.  The  orifices  were  sized  to  provide  a 
10-inch  water  column  (2500  Pascals)  pressure  drop  at  the  maximum  point  of  its  range.  Therefore, 
platc.s  of  several  different  sized  orifices  were  necc,s,sary  to  cover  the  entire  flow  range  encountered. 
For  the  S-inch  (20.3-cm)  manifold  line,  orifices  with  diameters  of  2.25,  3,  4,  and  6  inches  (5.7,  7.6, 
10.2,  and  15.2  cm)  were  u.scd.  For  the  6-inch  (15.2-cm)  manifold  line,  3.25-inch  and  4.5-inch  (8.3-cm 
and  1 1.4-cm)  orifices  were  used.  A  2  inch  (5,;-cm)  diameter  orifice  was  used  in  the  4-inch  (10.2-cm) 
line. 


c,  Knock-Out  Drum 

The  knock-out  drum  was  used  to  protect  the  rotary-lobe  blowers  from  particulates  or 
liquid  droplets  .suspended  in  the  gas  stream.  Design  of  the  demister  was  intended  to  protect  the 
rotary  lobe  blowers  from  a  variety  of  dust  and  droplet  sizes,  as  would  be  expected  in  an  extracted  soil 
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t;as  sirciim.  The  krn)ek-oui  drum  \A.as  constructed  iVom  a  2-toot  (6 1 -cm)  diameter  x  7-tooi  (2.1 -meter) 
lall  cylindrical  stainless  steel  tank.  A  6-inch  (15.2-cm)  thick  standard  stainless  steel  wire  mesh 
demister  was  used  for  removal  of  particles  and  coalescing  of  water  droplets. 

The  insulated  and  hcated-iraced  tank  contained  three  explosion-proof  level  switches  for 
management  of  liquid  collected.  The  middle  switch  was  u.scd  to  activate  a  drain  pump,  which  would 
shut  t)ff  when  liquid  had  fallen  below  the  lower  switch.  Activation  of  the  upper  switch  would  indicate 
failure  of  the  drainage  system,  and  cause  a  relay  to  shut  down  power  to  the  entire  venting  system. 
This  tank  drainage  system  was  not  u.sed  during  the  test  due  to  very  low  water  uptake. 

d.  Vacuum  Blowers 

Three  rotary-lobe  vacuum  blowers,  one  capable  of  250  scfm  (0.12  standard  m^/second)  at 
approximately  100  inches  of  water  (25.0(X)  Pascals)  vacuum  and  the  other  two  each  capable  of  500 
and  KKX)  scfm  (0.24  and  0.47  standard  m^/sccond)  at  100  inches  of  water  (25,000  Pascals)  vacuum, 
were  operated  to  extract  gas  from  the  vents.  The  smaller  blower  was  used  only  during  the  start-up 
period,  when  elevated  hydrocarbon  concentrations  were  expected,  and  had  spark-resistant  aluminum 
lobes  and  housing  with  an  explosion-proof  7.5  hp  (5.6  kW)  electric  (460  volt,  .1  phase)  motor.  The 
larger  blowers  were  of  conventional  construction  with  weatherproof  30  hp  (22  kW)  electric  (460  volt. 
3  phase)  motors.  One  of  the  larger  blowers  had  a  pulley  ratio  such  that  it  would  operate  at  a 
maximum  flow  rate  of  half  of  the  other  in  order  to  match  the  design  capacity  of  the  smaller  of  the 
two  catalytic  oxidation  units.  Silencers  were  installed  on  the  inlet  and  outlet  of  the  blowers.  Flame 
arrestors  were  installed  in  the  lines  prior  to  the  blowers  for  protection  in  case  of  sparking. 

c.  Catalytic  Oxidation  Units 

Two  rental  catalytic  oxidation  units,  one  of  fixed  catalyst  bed  design  supplied  by  Engelhard 
Corporation  and  one  with  fiuidized  catalyst  bed  design  supplied  by  ARI  International,  were  used  for 
destruction  of  the  hydrocarbons  in  the  gas  stream.  The  reason  for  operation  of  the  two  types  of 
oxidizers  was  to  test  the  diffe-'cnce  in  operability  and  economy.  Fluidized-bed  units  may  be  capable 
of  more  economical  operation  during  early  portions  of  soil  venting  operations  due  to  their  ability  to 
handle  a  greater  temperature  rise  across  the  mixed  bed;  however,  a  fluidized  bed  may  be  more 
expensive  to  run  at  low  concentration  and  may  require  more  maintenance. 

The  test  units  each  consisted  of  a  blower,  propane-fired  preheaters,  catalytic  reactor,  and 
temperature,  flow  and  pressure  instrumentation.  Each  unit  was  skid  mounted.  Neither  system 
included  a  heat  exchanger  for  heat  recovery. 

Descriptions  of  each  of  the  units,  supplied  by  the  vendors,  are  included  in  the  following 

paragraphs. 

(1)  Fluidized  Bed  Unit* 

A  schematic  of  the  fluidized  bed  catalytic  oxidation  unit,  an  ARI  Econ-Abator*  model 
rated  for  500  scfm  flow  rate,  is  shown  in  Figure  54.  The  system  components  consists  of  a  Hanged 

*TTis  section  supplied  by  ARI  International. 


inlet,  connecting  ductwork,  preheat  burner  chamber,  combustion  chamber,  catalyst  support  and 
distribution  grid,  and  4-foot  (1.2-meter)  self-supporting  discharge  stack. 

The  process  gases  to  be  treated  enter  the  system  directly  into  the  preheat  burner 
chamber  where  they  are  raised  to  tire  required  reaction  temperature.  The  burner  and  controls  are 
sized  to  preheat  the  gas  stream  to  the  design  thermal  oxidation  temperature.  The  burner  has  a  fixed- 
process  flow  turndown  of  2.3  to  1,  adjustable  to  5  to  1  and  a  fuel  turndown  of  13  to  1.  if  required. 
All  of  the  fume  stream  passes  through  the  burner  grid,  assuring  uniform  mixing,  heating,  and 
distribution. 


The  fume  stream  next  enters  the  combustion  chamber  where  the  fumes  are  oxidized 
to  carbon  dioxide  and  water.  The  combustion  chamber  consists  of  a  rugged  steel  outer  shell  lined 
with  a  1900°F  (KMO^C)  insulating  block.  The  chamber  and  components  are  designed  for  operation 
in  the  thermal  as  well  as  the  catalytic  mode,  providing  the  user  with  complete  operating  flexibility. 
Insulating  wall  thickness  allows  for  an  outer  shell  temperature  of  160° F  (71  °C)  based  on  ambient 
conditions  of  80“  F  (27“C)  still  air.  The  combustion  chamber  design  provides  residence  times  in 
excess  of  1  second.  The  combustion  chamber  is  equipped  with  thermocouple  ports,  test  ports, 
observation  ports,  and  two  access  doors.  It  is  also  equipped  with  a  catalyst  loading  and  a  catalyst 
unloading  system.  The  combustion  chamber  also  contains  a  stainless  steel  catalyst  support  plate  and 
distribution  grid.  Tnis  support  provides  the  proper  distribution  of  the  fume  stream  and  the  correct 
catalyst  fluidization,  assuring  uniform  flow  and  complete  contact  of  the  fume  stream  with  the  catalyst. 

The  unit  was  supplied  with  a  NEMA  4  control  cabinet,  completely  tested,  wired  and 
bussed  for  230/460-volt,  three  phase,  60-cycle  power  supply,  and  includes  control  transformer,  ignition 
transfor.mer,  instrumentation,  safety  controls,  disconnect,  first-out  detection  system,  alarm  system,  and 
all  necessary  fuses,  pilot  lights,  push  buttons,  timers,  relays  and  terminal  blocks. 

A  Honeywell  UDC-.3000  electronic,  position-proportioning  3-modc  indicating 
temperature  controller  with  Type  K  Megopak  thermocouple  and  Icadwire,  is  u.scd  to  control  the 
preheat  burner  and  combustion  chamber  reaction  temperature.  A  Honeywell  UDC-2(XX)  electronic, 
high-limit  temperature  indicating  alarm  with  Type  K  Megopak  thermocouple  and  leadwirc,  is  used 
to  provide  excessive  temperature  protection.  A  Honeywell  Modutrol  position-proportioning  control 
motor  is  u.sed  to  operate  the  preheat  burner  fuel  control  valve  and  linkage. 

The  flame  safety  and  control  system  is  designated  for  indoor  installation  and  to  meet 
factory  mutual  (FM)  insurance  requirements  for  most  areas.  Standard  options  included  design  for 
Industrial  Risk  Insurers  (IRI)  requirements  and  outdoor  installation.  The  flame  safeguard  system 
utilizes  a  Honeywell  "ProtectoRelay"  complete  with  pre-purge  timer  and  pilot  timer.  A  Honeywell 
"Ultravision"  electronic  flame  detector  is  standard.  All  necessary  gas  pressure  switches,  air  flow 
switches,  solenoid  valves,  safety  valves,  block  valves,  gas  pressure  regulators,  and  pressure  gauges  arc 
furnished  for  indoor  installation. 
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(2)  Fned  Bed  Unit" 

A  schematic  of  the  fixed  bed  catalytic  oxidizer,  a  CSNf  Systems  model  rated  for  KXX) 
scfm  flow  rate,  is  shown  in  figure  55. 

The  soil  vent  gas  is  isolated  from  the  fixed  bed  catalytic  oxidizer  by  a  Same  arrestor 
to  prevent  flash  back.  The  control  dampers  are  included  to  allow  adjustment  to  keep  the 
hydrocarbon  concentration  below  25  percent  of  the  lower  explosive  limits.  The  gas  blend  enters  the 
oxidizer  at  the  21-1/2  inch  x  34-1/2  inch  (54.6-cm  x  87.6-cm)  flange  into  the  combustion  chamber. 
The  unit  is  equipped  with  a  raw  gas  burner  which  provides  heat  to  the  exhaust  stream.  Either  natural 
gas  or  propane  can  be  used  as  burner  fuel.  For  this  project,  propane  was  used  as  fuel.  The 
temperature  of  the  incoming  gas  blend  is  increased  to  the  desired  catalyst  inlet  temperature.  The 
catalyst  inlet  temperature  is  controlled  by  a  temperature  controller  located  on  the  local  control  panel. 

The  preheated  gas  blend  then  passes  through  a  filter/mixer  section.  This  section  is 
designed  to  improve  flow  and  temperature  distribution.  It  also  serves  to  vaporize  any  aerosols  that 
may  have  entered  the  system.  Impurities  are  adsorbed  on  the  ceramic  elements  used  here  and 
organic  particles  are  destroyed  by  burning. 

The  gas  blend  then  passes  through  two  modules  packed  with  catalyst  where  the 
hydrocarbons  are  oxidized  to  carbon  dioxide  and  water.  A  catalyst  module  is  illustrated  in  Figure  56. 
Each  module  contained  12-inch  (.30.5-cm)  deep  precious  metal  coated  ceramic  monolith.  Both 
modules  are  sealed  against  the  T-bar  frame  with  fiberglass  gaskets  to  prevent  channeling  around  the 
modules.  About  2  ft^  (0.06  m^)  of  catalyst  was  installed.  The  cell  density  of  the  ceramic  monolith 
was  200  cells/inch"  (31  ceils/cm’).  A  special  proprietary  mixture  of  precious  metals  was  used  for  this 
application  to  obtain  low  operating  temperature  with  high  conversion  of  the  JP-4  hydrocarbons. 

The  catalyst  exit  temperature  is  recorded  on  a  multiple  pen  recorder.  The  clean 
exhaust  is  pulled  through  the  system  by  the  main  blower  and  pushed  into  the  stack.  Waste  heat  from 
the  stack  gas  would  normally  be  recovered  by  heat  exchange;  however,  in  this  application,  heated  air 
was  either  directed  down  the  heat  injection  lines  or  discharged  directly  to  the  atmosphere. 

Catalyst  bed  inlet  and  outlet  temperature  were  used  for  control  of  heating  within  the 
units.  Catalyst  bed  inlet  temperature  was  used  to  adjust  heat  input  from  the  preheaters.  Catalyst  bed 
temperature  rise  was  used  in  conjunction  with  hydrocarbon  concentration  measurements  to  manually 
adjust  dilution  of  the  process  gases. 

Safety  features  in  additio.n  to  the  flame  arrestor  included  a  burner  management  system 
and  a  temperature  activated  relay  to  shut  down  the  soil  vent  gas  delivery  system  in  case  of  high 
temperatures.  A  dig  tal  signal  was  available  from  each  unit  for  switching  a  relay  for  shutdown  of 
other  process  equipment  in  the  event  of  an  automatic  shutdown.  Automatic  shutdowns  would  occur 
in  the  event  of  excessive  temperature  at  any  point  in  the  unit,  including  the  blower,  an  eicctrical 
heater  surface,  catalyst  bed  inlet  or  exit,  or  the  stack,  excessive  pressure  drop  across  the  catalyst  bed, 
or  flame  out. 


"This  section  provided  oy  R.  M.  Yarrington.  Engelhard  Corporation. 
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Oxidizer  (Redrawn  frtjm  Engelhard  Corporation). 


Figure  56.  Fixed-Bed  Ineincraior  Oiiaiyst  .Module  (Redrawn  from  Engelhard  Corporation). 
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L  Heat  Injection  Line 

A  steel  line  was  connected  to  the  fixed-bed  catalytic  oxidizer  stack  for  direction  of  the 
heated  stack  gas  to  the  vents  in  the  vertical  vent  subsystem.  The  5-inch  (12.7-cm)  tubing  was  covered 
with  1  inch  (2.54  cm)  of  fiberglass  insulation  and  aluminum  insulation  wrap.  The  line  had  taps  for 
connection  of  a  hose  to  each  end  vent  and  had  4-inch  (10.2 -cm)  steel  tube  connections  to  Vent  6  and 
Vent  10  (see  Section  V.B.l.e). 

C  SYSTEM  OPERATION 

1.  Modes  of  Operation 

The  operation  of  the  soil-venting  demonstration  may  be  broken  into  five  activities:  (1)  start¬ 
up,  (2)  shutdowns  for  biological  activity  monitoring,  (3)  testing  of  vent  configurations,  (4)  long-term 
operation,  and  (5)  heat  injection  testing, 

a.  Start-Up  Period 

Beginning  in  mid-December  1988,  Vent  7  of  the  vertical  vent  system  was  first  vented  using 
the  250-cfm  blower  previously  used  in  the  single-vent  pilot  test.  Early  operation  of  the  soil  venting 
system  was  performed  using  only  the  fluidized  bed  catalytic  oxidizer  for  emissions  control.  The  early 
operation  period  required  careful  attention  due  to  the  elevated  hydrocarbon  levels  in  the  extracted 
soil  gas,  so  the  system  was  manned  24  hours  a  day.  Extraction  rates  from  the  vents  were  kept  very 
low  initially,  in  order  to  dilute  the  extraction  gas  to  the  500  scfm  (0.24  standard  mVsecond)  capacity 
of  the  oxidizer  and  remain  within  the  maximum  allowable  temperature  rise  across  the  catalyst  bed. 

Initially,  the  feed  to  the  preheated  oxidizer  was  entirely  from  the  main  dilution  valve  and 
dilution  valves  at  each  vent  head.  The  valve  at  the  vent  was  then  opened  slowly,  manually 
maintaining  feed  to  the  oxidizer  at  or  below  the  design  level  of  25  percent  LEL,  as  measured  by  the 
in-line  combustible  gas  detector.  The  vent  head  dilution  valves  were  closed  slowly  as  the  extracted 
gas  concentrations  fell.  The  main  dilution  valve  was  used  to  adjust  concentration  over  most  of  the 
start-up  period.  Once  it  was  ascertained  that  gas  levels  from  the  pile  system  were  relatively  low,  the 
pile  system  gas  was  substituted  for  dilution  air.  When  the  concentration  at  the  oxidizer  inlet  fell 
below  25  percent  LEL,  the  system  was  operated  without  dilution.  Hydrocarbon  concentration  in  the 
extracted  soil  gas  was  also  measured  during  the  dilution  stage  by  using  the  on-line  Total  Hydrocarbon 
Analyzer  (THA)  and  the  GC  canister  samples,  as  described  in  Section  II.I. 

Single-vent  operation  continued  in  a  similar  manner  with  extraction  from  Vents  9  and  10. 
Multiple-vent  operation  was  initiated  with  the  addition  of  the  fixed-bed  catalytic  oxidizer  and  large 
blowers  in  early  April. 

b.  Shutdown  for  Monitoring  of  Biologica]  Activity 

Although  the  measurements  of  COj  and  in  the  extracted  gas  during  venting  operation 
provide  much  support  for  the  aerobic  biodegradation  of  hydrocarbons,  further  information  could  be 
obtained  by  the  measurements  of  oxygen  uptake  in  a  static  oxygen-rich  state.  For  this  purpose, 
AFESC  contracted  Battelle  Columbus  and  Utah  State  University  (USU)  to  perform  evaluation  of 
bioactivity  at  the  Hill  AFB  site. 
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The  venting  operation  schedule  was  altered  to  accommodate  three  periods  of  no  venting 
activity.  During  these  periods,  ranging  from  I  to  3  weeks  in  duration,  no  extraction  was  performed 
and  measurements  of  CO3  and  O,  were  made  at  various  monitoring  points  by  USU  personnel. 

Results  of  the  Battelle  work  are  presented  in  Section  V.E.  along  with  further  observations 
on  bioactivity  by  ORNL. 

c.  Testing  of  Vent  Cooilgurations 

After  extraction  gas  concentrations  had  rcachcu  levels  at  which  multiple  vents  could  be 
run,  tlow  tests  involving  several  ver.tmg  configurations  were  conducted  at  different  times  throughout 
the  operation.  Die  purpose  of  these  venting  configuration  tests  was  to  determine  induced  How 
patterns  for  each  configuration  to  measure  the  extent  of  'dead  zones"  --  soil  areas  of  high  vacuum 
and  low  flow  due  to  positioning  between  wells.  Analysis  of  data  from  these  venting  configuration 
tests  could  help  provide  strategies  for  optimization  of  venting  operation.  Each  venting  configuration 
test  was  conducted  by  setting  the  flows  at  each  vent,  allowing  the  system  to  reach  steady  state,  and 
reading  vacuum  levels  at  each  of  the  vents  and  pressure  monitoring  points. 

Vent  configuration  flow  tests  were  conducted  in  the  vertical  and  lateral  systems  only.  In 
the  vertical  system,  tests  were  conducted  to  determine  flow  patterns  from  single  and  various  multiple 
vent  configurations,  benh  with  and  without  a  surface  barrier.  A  limited  number  of  tests  were 
conducted  including  use  of  passive  inlet  vents.  Lateral  vent  tests  involved  the  operation  of  single  and 
multiple  vents,  both  with  and  without  passive  inlet  vents.  .An  overview  of  these  tests  is  presented  in 
Section  V.G. 

d.  Long-Term  System  Operation 

Liing-tcrm  system  operation  began  after  extraction  gas  concentrations  had  decreased  to 
the  point  that  dilution  of  the  feed  to  the  catalytic  oxidizer  was  no  longer  necessary. 

Tlic  long-term  operation  was  unmanned,  with  pericxlic  monitoring  by  USU  personnel. 
The  transition  to  unmanned  operation  w,as  made  20  April  i9!S9  after  .smooth  operation  of  the  entire 
system  including  both  catalytic  oxidizers  and  large  blowers  had  been  demonstrated.  The  entire  system 
wa.s  monitored  at  least  twice  per  week  with  all  system  How  rates,  pressures,  temperatures,  liquid  levels 
and  maintenance  items  checked.  Samples  of  the  extractmn  and  cfllucnl  gas  were  taken  for  GC 
analyses  during  these  system  checks. 

c.  Heat  Injection  Test 

In  August  i989,  the  long-term  operation  was  shifted  from  an  extraction-only  mode  to 
extraction  with  a  passive  inlet  vent.  The  pa.ssive  inlet  vent  was  connected  to  the  stack  of  the  fixed- 
bed  catalytic  oxidizer  to  allow  the  injection  of  heated  gas  into  the  soil. 

Vents  9  and  1 1  were  operated  as  extraction  vents,  and  Vent  10  was  opened  to  the  stack 
gas.  Temperature  variations  in  the  .soil  were  monitored  by  ihermocouples,  and  the  extracted  gas  was 
continuously  analyzed  for  total  hydrocarbon  concentration. 
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The  heal  injection  test  was  conducted  until  the  end  of  ORNL  operation  of  the 
demonstration  system  in  early  October.  Details  of  the  lest  arc  presented  in  Section  V.H. 

2.  Chronology  of  Operation 

A  detailed  chronology  of  the  full-scale  system  operation  is  presented  in  Table  14. 

D.  RESULTS  OF  HYDROCARBON  REMOVAL  BY  VOLATTLIZATTON 

The  results  of  hydrocarbon  removal  by  volatilization  in  the  Hill  AFB  demonstration  may  be 
displayed  in  terms  of  (I)  mass  removal  as  a  function  of  time,  (2)  soil  gas  concentrations  as  a  function 
of  time,  (.1)  extracted  gas  hydrocarbon  concentration  as  a  function  of  time,  and  (4)  extracted  gas 
composition  as  a  function  of  time.  Each  of  these  subjects  is  discussed  below. 

1.  Mass  Removal 

The  total  amount  of  hydrocarbons  removed  was  calculated  as  a  function  of  time  using  the 
results  obtained  with  the  TH.A.  These  calculations  are  included  in  a  spreadsheet  in  Appendix  J 
(unpublished,  available  from  ORNL  and  AFESC).  The  THA  was  calibrated  with  hexane;  therefore 
the  mass  removal  rate  was  calculated  as  the  product  of  the  concentration  in  the  combined  extracted 
gas  streams,  a  conversion  factor  adjusting  values  in  ppmv  hexane  equivalent  to  pounds  of  hexane  per 
cubic  foot  of  gas,  and  the  flow  rale  in  scfm.  The  non-linear  response  of  the  THA  exhibited  during 
the  pilot  tests  did  not  affect  the  readings  during  the  full-scale  demonstration  since  the  gas  was  diluted 
to  below  25  percent  LEL  (.1275  ppm  hexane  equivalent)  in  the  stream  leading  to  the  oxidizers.  The 
hydrocarbon  removal  values  were  integrated  with  time  in  the  spreadsheet  using  the  trapezoidal  rule 
between  data  points.  From  the,se  calculations,  a  total  of  105, (XX)  pounds  (.12,000  .kg)  of  hydrocarbons 
were  found  to  have  been  extracted  over  the  period  of  the  demonstration. 

The  results  of  these  calculations  are  shown  in  Figure  57  in  the  form  of  cumulative 
hydrocarbon  removal  as  a  function  of  time,  and  in  Figure  58  in  the  form  of  cumulative  removal  as 
a  function  of  cumulative  volume  of  gas  extracted.  This  latter  plot  removes  the  effects  of  flow  rate  and 
down  limes  on  the  shape  of  the  curve.  The  results  in  these  figures  are  typical  of  soil  venting 
operations  described  in  the  literature,  exhibiting  high  initial  removal  rates  and  asymptotically 
approaching  an  upper  bound  as  venting  progresses  and  concentrations  decrease.  The  nearly  constant 
initial  (up  to  lb  d.ays  operation)  removal  rates  as  a  function  of  time,  as  shown  in  Figure  57,  are  a 
result  of  the  removal  limitations  set  by  the  single  emissions  control  unit.  Horizontal  portions  of  this 
cur.e  indicate  ‘nc  shut-down  periods  allotted  for  testing  of  biological  response.  The  period  from  80- 
160  days  displays  a  concave-upward  curve,  the  lesult  of  shifting  the  operation  from  Vent  7  to  Vent 
10  at  8.1  days  and  greater  How  capacity  with  the  addition  of  larger  blowers  and  the  second  emissions 
control  unit.  During  the  period  from  175  days  to  the  end  of  the  demonstration,  the  operation  was 
held  relatively  constant,  with  extraction  from  the  same  general  area  of  the  site  (mainly  Vents  9-11 
and  Vent  19).  Tlic  only  cha-^'^c  during  this  period  was  a  shift  from  approximately  1 100  scfm  to  8vX) 
scfm  during  the  heal  inject:  v  test  from  16  August  89  to  the  end  of  the  demonstration.  Thiis  final 
portion  of  the  curve  (from  175  days  to  the  end)  displays  the  expected  leveling  of  the  removal  curve. 

The  !im;'  of  the  removal  curve  (wiihi;.  reasonable  time  limits)  appears  to  be  on  the  order  of 
1  lO.fKX)  to  12(  ."''bO  pounds  (SO.CXX)  to  54,000  kg),  or  63  lo  69  percent  of  the  assumed  26,000-gallon 
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T.4BLE  14.  DETAILED  CHRONOLOGY  OF  FULL-SCALE  SYSTEM  OPERATION 


DATE 

AcnvrrY 

18  December  1988 

Fjctraction  from  Vent  7  for  25  hours.  Fluidized  bed  oxidizer 
on  line  with  250-cfm  blower. 

19  December  1988 

System  shut  down  for  evaluation  of  bioactivity  in  soil  by 
Battelle. 

6  January  1989 

Vent  system  restarted  with  Vent  7  and  small  blower  on-line. 

1.1  January  1989 

Oxidizer  shut  system  dowrt  due  to  high  hydrocarbon 
concentrations  in  vapor  (high  temperature  shutdown!. 

Oxidizer  problems  being  worked  out. 

18  January  1989 

Restarted  extraction  from  Vent  7  using  small  blower. 

20  January  1989 

Shut  down  for  catalyst  replacement  in  fluidized  bed  oxidizer. 

21  January  1989 

Rcitart  extraction  from  Vent  7  with  small  blower. 

2  February  1989 

Performed  soil  gas  tests  at  each  vent. 

15  February  1989 

Shut  down  for  9  hours  for  fluidized  bed  oxidizer  insulation 
repair.  Restarted  extraction  from  Vent  7. 

1-10  March  1989 

System  shut  down  for  measurement  of  bioactivity  by  Battelle. 

11  March  1989 

Performed  soil  gas  tests  at  each  vent.  Resumed  extraction 
from  Vent  10. 

18  March  1989 

Drained  about  1  gallon  (3.8  liters)  of  liquid  condensate  from 
main  manifold  line. 

20  March  1989 

Drained  approximately  18  gallons  (tS  liters)  of  condensate 
from  6-inch  (i5-cm)  manifold  line  between  Vents  5  and  6. 
Added  12  gallons  (45  liters)  of  catalyst  to  fluidized  bed 
oxidizer. 

28  March  1989 

Fixed  bed  oxidizer  delivered  to  site. 

2  April  1989 

Began  extraction  from  Vents  9,  10,  and  11  at  350  scfm  (0.17 
standard  m^/second). 

5  April  1989 

Extraction  from  Vent  10  with  pile  gas  for  dilution  air.  (Small 
blower) 

8  April  1989 

Start-up  of  fixed  bed  oxidizer  on-line  with  vent  system. 
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TABLE  14.  DETAILED  CHRONOLOGY  OF  RJLL-SCALE  SYSTEM  OPERATION 

(CONTINUED) 


DATE 


8  April  1989 


11  April  1989 


13  April  1989 


13-21  April  1989 


22  April  1989 


15  May  1989 


26  May  -  10  June  1989 


10  June  1989 


10-19  June  1989 


19  June  1989 


22  June  1989 


10  August  1989 


11-15  August  1989 


13-15  August  1989 


16  Augast  1989 


21  September  1989 


ACnVlTY 


Started  extraction  from  Vent  9  with  pile  for  dilution  air. 
Both  1000-cfm  blower  and  250-cfm  blower  placed  on-line. 
Both  catalytic  oxidizers  operational. 


Extraction  from  Vent  7  and  Pil 


Started  500-cfm  blower  for  feed  to  Ouidized  bed  oxidizer. 


Performed  several  vent  configuration  tlow  tests  measuring 
steady-state  vacuum  at  pressure-monitoring  points  during 
extraction  from  different  vent  combinations. 


Began  extraction  from  Vents  9,  10,  and  11. 


Began  extraction  from  Vents  5,  6,  7,  8,  9,  10,  and  11. 


Shutdown  test  for  measurement  of  bioactivity  performed  by 
USU  and  Balteilc. 


Soil  gas  tests  performed  after  2-week:  shutdown. 


Gas  extracted  from  Vents  5  through  1 1  (vertical)  and  Vent 
19  of  the  lateral  .system. 


Closed  Vent  5  to  increase  hydrocarbon  concentration  in 
extracted  vapor. 


Closed  Vents  6  and  7.  Began  extraction  from  Vents  8.  9,  10, 
11,  and  19  only. 


In  situ  soil-moisture  content  readings  taken.  Extraction  from 
Vents  9,  10,  11,  and  19. 


Installed  heat  injection  piping  to  Vents  6  and  10. 


Ran  various  vents  to  get  pressure  readings  at  pressure- 
monitoring  points. 


Started  heat  injection  tests.  Vents  9  and  1 !  operated  as 
extraction  vents.  Vent  10  connected  to  heat  injection  line. 
(650  scfm  extraction  rate,  93  scfm  inlet  rate.) 


Drained  5  to  7  gallons  (19  to  26  liters)  of  condensate  from 
main  manifold  lines  and  10  to  12  gallons  (.38  to  45  liters) 
from  kncKk-out  drum. 
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TABLE  14.  DETAILED  CHRONOLOGY  OF  FULL-SCALE  SYSTEM  OPERATION 

(CONCLUDED) 


DATE 

ACTIVITY 

9  October  1989 

ORNL  opera  .ion  of  soil  venting  terminated.  Soil  gas  tests 
performed  at  each  vent  after  21-hour  shutdown. 

12  October  1989 

Soil  sampling  of  the  pile,  water  sampling  of  RST-1,  and 
neutron  access  tube  readings  taken. 

30  October  -  6  ?-iOvcn;dcr  1 

1989 

.xjii  samples  taken  from  sertical  vent  area  for  postventing 
analysis. 

(174,(X)0-pound)  initial  spill  volume.  The  discrepanc7  is  due  to  biodegradation,  volatilization  prior 
to  venting,  and  residual  hydrocarbons.  A  portion  of  this  residua!  amount  of  heavy  hydrocarbons  will 
not  be  readily  removed  by  voLuilitatioi;,  Unless  the  remediation  may  be  lerminated  becau.se  the  soil 
falls  within  total  hydrocarbon  concentration  limits  or  because  of  decreased  risk  assessment,  an 
additional  technique  (such  as  bioremediation  or  heat  enhancement)  must  be  used  for  additional 
removal. 

2.  Soil  Gas  Coocentrations 

The  progress  of  the  venting  system  toward  decontaminating  the  site  may  be  shown  most 
graphically  by  contour  plots  of  the  soil  gas  concentrations.  These  results,  obtained  from  measurements 
made  periodically  during  the  demonstration,  may  be  obtained  relatively  quickly,  inexpensively,  and 
with  little  disruption  of  the  venting  operation.  Although  they  must  be  interpreted  with  care  in  cases 
of  complex  geohydrolog)'  (particularly  in  regard  to  coobning  layers  in  ih'j  soil),  the  results  do  not 
suffer  from  the  great  variability  common  to  .srril  sampling  and  analysis. 

Figures  59  through  64  show  contours  of  the  depth-averaged  soil  gas  concentration  exprcs.sed 
in  units  of  parts-per-million  hexane  equivalent  as  a  function  of  position.  The  data  for  these  plots 
were  obtained  by  extracting  gas  from  each  individual  vent  at  rates  up  U)  5(K).scf.Tt  for  5  to  10  minutes 
and  .noting  the  readings  of  the  combustible  gas  detector  (for  the  high  levels  of  Figures  59.  60,  and 
61)  and  the  THA  Therefore,  the  plots  indicate  the  soil  gas  hydrocarbon  concentration  at  a  particular 
x-y  psasition,  integrated  over  the  screened  interval  of  the  vents.  The  axes  on  the  plots  indicate  feet 
in  the  N-S  (y)  and  E-W  (x)  directions,  the  asterisks  denote  vent  positions,  and  the  numbers  above 
the  asterisks  refer  to  the  actual  hydrexarbon  concentration  measurement  for  each  well. 

The  hydrocarbon  concentration  contours  of  2  February  1989  (after  approximately  one  month 
of  low-flow  extraction  from  Vent  7)  qualitatively  match  the  .soil  concentration  contours  (see  Figure 
59).  That  is.  higher  levels  cxist-ed  in  the  vicinity  of  Vents  9.  Irt,  and  !  1  with  decreasing  levels  in  a 
westward  direction. 
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Fiuurc  58.  Hydrocarbon  Removal  by  Volatilization  -  Cumulative  Removal  as  a  Function  of 
Cumulative  Gas  Volume  Extracted. 
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Figure  5y.  Soil  Gas  Hydrocarbon  Contours  (ppmv)  -  2  February  1989. 
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Figure  6<J.  Soil  Gas  Hydrocarbon  Contours  (ppmv)  -  .1  March  1989. 
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Figure  61.  Soil  Gas  Hydrocarbon  Gjntours  (ppmv)  -  2  April  1989. 
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Figure  6Z  Soil  Gas  Hydrocarbon  Contours  (ppmv)  -  10  June  1989. 
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Figure  63.  Soil  Gas  Hydrocarbon  Contours  (ppmv)  -  12  August  1989 
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Operation  from  2  February  1989  to  11  March  1989  was  mainly  with  extraction  from  Vent  7. 
Comparison  of  the  contour  plots  for  these  dates  qualitatively  show  a  "pulling"  of  vapors  from  the 
more  highly  contaminated  eastern  region  toward  Vent  7  (see  Figure  60).  The  area  in  the  vicinity  of 
Vent  7  does  not  appear  to  have  been  cleaned  Rather,  removal  ifom  the  fringes  is  suggested,  as 
would  be  expected  if  equilibrium  is  reached  throughout  the  soil  (a  reasonable  assumption,  especially 
in  the  low  flow  zones  far  from  the  extraction  vent). 

From  1 1  March  1989  to  2  April  1989,  single -vent  extraction  was  conducted  with  Vent  9  and 
Vent  10  (see  Figure  61).  In  comparison  of  the  plots  for  these  dates,  one  can  see  a  definite  decrease 
throughout  the  system,  but  also  a  qualitative  "pulling*  of  the  contaminants  from  the  fringes,  as 
exhibited  by  greater  relative  decreases  in  concentration  on  the  western  edge.  During  this  period,  a 
single  vent  (either  V9  or  VIO)  operating  at  flow  rates  of  up  to  250  scfm  was  affecting  the  entire  site 
and  causing  a  lowering  of  soil  gas  concentrations  relatively  far  [80  feet  (24.4  meters)]  from  the  vent. 

From  2  April  1989  to  26  May  1989  extraction  flow  rate  was  increased  to  350-500  scfm  (  0.17 
to  0.24  standard  meters^/second)  (see  Figure  62)  and  the  center  E-W  line  of  vents  was  operated.  As 
can  be  seen,  a  general  decrease  in  concentrations  occurred,  with  the  relative  shape  of  the  contours 
being  essentially  unchanged. 

From  10  June  1989  to  12  August  1989,  Vents  9,10,  11,  and  Vent  19  of  the  lateral  vent  system 
were  operated  at  a  total  rate  of  1 100  scfm  (0.52  standard  meters^/second)  (see  Figure  63).  There  was 
a  great  decrease  in  soil  gas  concentrations  in  the  entire  eastern  portion  of  the  vertical  venting  system 
during  this  period.  The  western  portion,  although  also  obviously  affected,  did  not  exhibit  as  large  a 
concentration  decrease  as  would  be  expected  due  to  the  lower  gas  flow  rates  farther  from  the 
operating  extraction  vents. 

From  12  August  1989  to  7  October  1989,  the  heat  injection  test  was  performed  with 
extraction  from  Vents  9  and  1 1  and  passive  injection  of  heated  air  into  Vent  10  (see  Figure  64).  The 
total  extraction  flow  rate  was  650  scfm  (0.31  standard  m^/second).  During  the  heat  injection  test,  the 
western  half  of  the  venting  area  was  practically  unaffected,  whereas  the  eastern  portion  was 
effectively  treated.  Particularly  notable  is  Vent  10,  the  hoi  air  inlet  vent,  which  reached  an  extracted 
gas  hydrocarbon  concentration  of  only  29  ppm  hexane  equivalent  on  re-equilibration.  The  operation 
with  injection  air,  coupled  with  the  fact  that  the  surface  of  the  eastern  side  was  covered  with  a  barrier 
and  the  western  side  was  not,  caused  little  treatment  of  the  western  half  of  the  area  during  this 
period. 


The  soil  gas  results  show  that  by  operation  of  Vents  9,  10,  11  and  19  during  most  of  the 
demonstration,  the  eastern  portion  of  the  vertical  vent  area  was  transformed  from  the  most 
concentrated  to  least  concentrated  soil  zone.  These  results,  which  are  in  qualitative  agreement  with 
the  soil  sampling  results  (see  Section  VJ),  indicate  that  soil  gas  analysis  is  valuable  for  evaluation  of 
venting  progress,  and  would  be  particularly  useful  for  guidance  of  system  operation. 

These  results  also  support  the  installation  of  more  extraction  vents  than  might  be  initially 
deemed  necessary  at  a  site.  Based  upon  initial  soil  sampling,  it  would  be  likely  that  extraction  vents 
would  not  have  been  placed  in  the  positions  of  Vents  2  and/or  6,  since  these  areas  were  of  relatively 
low  concentrations.  The  above  results  have  shown  a  shift  in  relative  concentration  toward  these 
vents.  Operation  of  Vents  2,  6.  or  7  would  provide  greatest  removal  rates  at  the  end  of  the 
demonstration. 
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3.  Extracted  Gas  Hydrocarbon  Concentration 

Figure  65  displays  the  extracted  gas  hydrocarbon  concentration  measurements  as  a  function 
of  the  cumulative  gas  volume  extracted.  This  figure  presents  the  THA  results  and  the  hydrocarbon 
concentrations  determined  by  GC  analysis  of  canister  samples  taken  from  the  combined  extracted  gas 
stream.  The  GC  results  were  converted  to  ppm  hexane  equivalent  by  assuming  a  constant  weight 
response  factor.  Greater  variation  is  noted  in  the  grab  sample  results  than  from  the  on-line  analyzer, 
as  would  be  expected.  Although  reasonable  agreement  between  the  two  measurement  techniques 
is  seen  in  the  early  operating  perkxl  when  highest  concentrations  were  measured,  the  GC  results  are 
consistently  lower  than  those  from  the  THA  for  samples  taken  after  approximately  500,000  standard 
m’  of  gas  extracted.  This  is  thought  lo  be  due  mainly  to  a  combination  of  factors:  (1)  the  assumption 
of  a  mean  response  factor  for  conversion  of  GC  and  THA  detector  response  to  total  hydrocarbon 
concentration,  and  (2)  losses  or  sorption  on  GC  sample  canister  walls  may  also  have  occurred.  The 
extracted  gas  hydrocarbon  concentrations  (as  measured  by  the  THA)  decreased  quickly  from  initial 
levels  of  about  45,0(X)  ppm  he,xane  equivalent  (173,000  mg/Iiter)  to  approximately  6,000  ppm  (23,0(X) 
mg'liter)  after  extraction  of  about  6.5  million  scf  (180,000  standard  m^)  from  Vent  7.  After  switching 
operation  to  Vent  10,  the  extracted  gas  concentration  dropped  from  about  22,000  ppm  hexane 
equivalent  (86.(XX)  mg'liter)  to  9,(XX)  ppm  hexane  equivalent  (35,000  mg/liter)  during  extraction  of  an 
additional  4.5  million  ,scf  (125,(XX)  standard  m^)  of  gas.  The  rest  of  the  data  points  were  obtained 
during  extraction  from  several  different  combination  of  vents,  mostly  Vents  9,  10,  and  11. 
Concentrations  declined  to  a  combined-stream  concentration  from  Vents  9  and  11  of  about  350  ppm 
hexane  equivalent  (1340  mg'liter). 

Two  ways  of  plotting  data  for  extrapolation  of  performance  that  have  been  successful  in  some 
cases  are  semilog  and  logarithmic  representations  of  concentration  versus  cumulative  extracted  gas 
volume.  (Refer  to  Volume  1.)  TTiese  plots  are  shown  in  Figures  66  and  67.  The  logarithmic  plot 
is  especially  valuable  in  examining  the  early  periods  of  venting  in  which  the  most  rapid  changes  occur. 
Two  di.scontinuities  of  interest  arc  highlighted  by  this  plot.  The  first  is  an  abrupt  decrease  in 
concentration  from  about  4(),(XX)  to  45,000  ppm  hexane  equivalent  to  about  25,0(X)  to  .30,000  ppm 
hexane  equivalent,  which  occurred  during  a  two-week  shutdown  after  about  42,000  ft^  (1200  m^)  of 
gas  had  been  extracted.  This  decrease  is  similar  to  a  concentration  decrease  that  was  measured  after 
approximately  50,(XX)  ft^  (14(X)  standard  m^)  of  gas  was  extracted  during  the  pilot  test.  Some  of  this 
decrease  may  be  due  to  uncci.ainty  in  concentration  values  at  the  high  dilution  ratios  used  during 
the  high  concentration  period  and  to  possible  calibration  problems  during  that  same  time  as  a  result 
of  condensation  of  hexane  in  the  standard  cylinder.  However,  it  is  believed  that  the  break  in 
concentration  was  primarily  the  result  of  the  first  pore  volume  of  gas  within  the  zone  of  influence 
being  removed.  Once  the  equilibrated  light  fractions  in  the  vapor  are  removed,  further  extraction 
is  caused  by  volatilization.  The  second  discontinuity  marks  the  point  at  which  single-vent  extraction 
was  shifted  from  Vent  7  to  Vent  10.  The  concentration  increase  was  due  to  the  fact  that  the  latter 
vent  was  positioned  nearer  the  center  of  the  most  highly  contaminated  zone,  and  in  an  area  which 
had  been  contacted  by  less  gas  How  than  the  area  around  Vent  7.  Neither  of  the  two 
representations  resulted  in  a  straight  line,  as  would  be  desirable  for  ease  in  extrapolation  of  behavior 
to  predict  performance.  This  is  not  surprising,  given  the  complex  interaction  of  air  now/contaminant 
geometry  and  contaminant  fate  mechanisms  controlling  the  behavior.  The  semi-log  plot  is  reasonably 
represented  by  a  straight  line  beyond  the  point  of  20  million  ft’  (550, (XX)  standard  m’)  of  gas 
extracted.  This  line  may  be  valuable  for  empirical  extrapolation  of  the  performance  of  the  system. 
However,  the  pr^int  after  which  a  linear  fit  would  no  longer  be  reasonable,  if  such  a  point  exists, 
w<',.,.d  need  to  be  determined.  Such  a  point  may  be  indicative  of  a  situation  where  free  hydrocarbon 
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Figure  65.  Variation  of  Hydrocarbon  Concentration  -  THA  and  GC  Samples. 


Figure  66.  Variation  of  Hydrocarbon  Concentration  in  THA  and  GC  Samples,  Scmi-Lx)g 
Representation. 
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CUMULATIVE  VOLUME  EXTRACTED  (m^> 

Figure  67.  Variation  of  Hydrocarbon  Concentration  in  THA  and  GC  Samples,  Logarithmic 
Representation. 


films  are  no  longer  present  as  a  separate  phase  and  the  soil  shifts  from  a  four-phase  to  a  three-phase 
system  (vapor,  aqueous  phase,  and  solid),  as  indicated  in  the  modelling  work  of  Johnson,  et  al. 
(Reference  17).  There  does  not  seem  to  be  a  reliable  means  by  which  to  check  this  hypothesis  from 
this  Geld  study. 

4.  Extracted  Gas  Hydrocarbon  Gtstribution 

As  has  been  shown  by  several  investigators,  as  early  as  Thornton  and  Wootan  (Reference  15), 
the  composition  of  the  hydrocarbons  in  the  soil  and  in  the  extracted  gas  will  shift  toward  a  heavier 
mixture  ?s  venting  progresses.  The  trend  is  strikingly  displayed  in  Figures  68,  59,  70,  and  71  which 
present  gas  chromatograms  of  representative  samples  throughout  the  demonstration.  The  X-axis  of 
these  plots  represents  the  retention  time,  which  generally  corresponds  to  volatility  of  compxsunds,  with 
less  volatile  compounds  registering  later.  Several  cemmon  compounds  are  identiGed  in  the  plots. 
The  y-axis  indicates  voltage  measurements  made  by  the  FID  detector  of  the  instrument,  which  are 
proportional  to  concentration  of  compounds.  Comparison  of  the  plots  indicates  a  pronounced  .shift 
toward  heavier  constituents  in  the  extracted  gas.  One  may  also  note  that  the  voltage  readings  of  the 
peaks  decreased,  corresponding  to  the  drop  in  hydrocarbon  concentration.  Appendix  C  presents  ail 
measurements  of  hydrocarbon  composition  made  during  the  demonstration. 
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Figure  72  shows  a  bar  chart  of  the  relative  weights  of  each  hydrocarbon  fraction  (as  defined 
by  number  of  carbon  atoms  per  molecule)  in  samples  taken  from  the  combined  extracted  gas  stream 
throughout  the  operation.  In  this  plot,  the  more  volatile  fractions  are  removed  first,  enriching  the 
extracted  gas  (and  remaining  hydrocarbons  in  the  soil)  in  the  heavier  compounds. 

5.  Comparison  with  Equilibrium  Model 

The  results  of  this  demonstration  were  compared  with  a  simple  equilibrium  model  to  test  the 
equilibrium  assumption  shown  by  Marley  and  Hoag  (Reference  16)  to  be  valid  for  description  of 
venting  of  gasoline  in  a  bench-scale  column.  Johnson  et  al.  (Reference  17)  suggested  this  model  for 
projecting  removal  behavior  of  full-scale  systeiTj*. 

In  this  case,  an  idealized  model  based  on  Raoult’s  Law  was  used.  Raoult’s  Law  was  chosen 
over  Henry’s  Law  due  to  the  low  moisture  content,  relatively  high  hydrocarbon  concentrations  in  the 
soil,  and  the  low  aqueous  solubility  of  most  JP^  components.  Henry’s  Law  is  valid  for  vapor-liquid 
equilibrium  of  one  component  at  infinite  dilution  in  another,  m  would  be  the  case  for  hydrocarbons 
in  aqueous  solution,  whereas  Raoult’s  Law  describes  vapor-liquid  equilibrium  for  an  ideal  solution 
of  components,  as  is  approximated  by  a  mixture  of  similar  hydrocarbons  in  a  non-aqueous  phase.  This 
model  assumes  vapor-liquid  equilibrium  between  the  hydrocarbon  phase  and  the  soil  gas,  and  perfect 
contact  between  the  hydrocarbon  contaminants  in  the  soil  and  the  soil  gas  at  every  point  Therefore, 
no  diffusional  resistances  to  removal  are  included,  and  equilibrium  dictates  the  magnitude  of 
hydrocarbon  removal  rate  by  the  convective  flow  of  soil  gas.  Using  these  assumptions,  the  entire 
contaminant  mass  can  be  considered  to  be  in  contact  with  the  entire  gas  flow  1.;  one  equilibrium 
stage.  [More  complicated  models  could  be  foreseen  with  several  equilibrium  stages,  allowing 
calculation  of  spatial  variation  of  removal,  similar  to  the  two-dimensional  Henry’:  Law-based  model 
presented  by  Wilson  et  al.  (Reference  18)). 

Thus  model  assumes  removal  by  volatilization  only,  ignoring  the  effects  of  biodegradation, 
aqueous  solubility,  and  volatilization  from  an  aqueous  phase  or  sorption  on  soil  particles.  These 
effects  were  included  in  the  mode!  of  Reference  17.  Adition  of  these  factors  would  not  be  difficult 
from  a  mathematical  or  computational  standpoint;  however,  these  additions  would  require  the  input 
of  several  adjustable  parameters  for  which  little  information  is  known. 


A  material  balance  on  one  component  in  this  stage  results  in 
dNi  _  _P^ 

~dt  '  ^  Tf' 


[11] 


where  N,  is  the  moles  of  component  i  in  the  stage  in  liquid  form,  l  is  time,  Q  is  the  gas  flow  rate,  P- 
is  the  partial  pressure  of  component  i,  R  is  the  ideal  gas  coastant,  and  T  is  the  absolute  temperature. 

From  Raoult’s  Law,  with  its  implicit  assumption  of  an  ideal  solution  in  the  liquid  phase  and 
an  ideal  gas, 

p,  =  X,  [12] 
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arialion  of  Hydrocarbon  Distribution  in  Extracted  Gas  Throughout  Demonstration. 


where  is  the  vapor  pressure  of  component  /  and  jt,  is  the  mole  fraction  of  component  i  in  the 
hydrocarbon  phase,  such  that 


E  "i 
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Combination  of  the  preceding  two  equations  results  in 


dN^ 

dc 


Q  X, 


[14] 


This  equation  was  solved  using  a  simple  BASIC  program  as  listed  in  Volume  II.  In  this 
program,  for  each  component  is  calculated  using  the  Antoine  equation. 


In(Pr-) 


a- 


b 

(T+c)  ' 


[15] 


where  a,  b,  and  c  are  empirical  constants  for  each  compound.  Values  for  these  parameters  were 
obtained  from  Reference  18.  Since  a  typical  analysis  of  JP-4  reports  a  breakdown  of  86  percent 
paraffins  and  14  percent  aromatics,  the  P,"'  for  a  hydrocarbon  cut  was  estimated  by  adding  0.86 
for  the  normal  paraffin  of  the  range  to  0.14  P^  of  a  representative  aromatic  compound.  For  instance 
P^'^  was  estimated  as  0.86 

Input  to  the  program  includes  the  total  initial  weight  of  the  hydrocarbons,  the  weight  fraction 
of  each  hydrocarbon  range,  the  soil  temperature,  the  venting  gas  (low  rate,  the  time  step  size,  the 
total  number  of  time  steps  and  t.he  number  of  steps  between  printouts.  However,  becau.se  of  the 
equilibrium  a.ssumption,  only  one  run  need  be  made  for  a  given  composition  and  temperature 
combination.  The  output  may  thus  be  scaled  as  vapor  concentration  (grams  per  liter)  and  percent 
of  spill  remaining  as  a  function  of  the  cumulative  gas  volum.e  per  mass  of  initial  spill.  In  this  manner, 
the  equilibrium  removal  behavior  for  any  size  spill  or  flow  rate  may  be  deduced  from  tme  curve. 


The  weight  fractions  input  to  the  program  were: 

C5-  C6  -  0 
C6-C7  -  0 
C7-C8  -0.166 
C8-C9  -  0.22.1 
C9-C10  -  0.16 
ClO-Cll  -  0.116 


C11-C12  -  0.1.11 
C12-C13  -  0.105 
C1.1-C14  -  0.05.1 
C14-C15  -  0.029 
C15-C16  -  0.016 
C16-C17  -  0.001 
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These  weight  fractions  were  derived  from  analysis  of  a  JP4  standard. 

The  concentration  results  obtained  using  this  model  with  an  input  of  26,000  gallons  JP-4 
initially  (27,000-gallon  spill  minus  1 000  galloas  collected'  are  compared  with  actual  readings  in  Figures 
73  (semiiog)  and  74  (logarithmic).  Agreement  is  particularly  good,  given  the  vast  simplifications  in 
the  model.  Some  observations  may  be  made  in  the  comparison  of  the  model  and  field  results.  First, 
the  initial  concentration  predicted  by  the  model  was  a  factor  cf  3  to  4  lower  than  the  actual  measured 
concentration.  This  indicates  that  the  initial  hydrocarbon  mixture  in  the  soil  contained  lighter 
constituents  than  in  the  JP-4  standard  used  in  deviation  of  the  model  results.  However,  agreement 
is  reached  in  a  relatively  short  period  of  venting.  Poor  contacting  of  airflow  with  the  contaminants 
would  cause  the  actual  results  to  be  initially  lower,  but  with  s  longer  tail  than  the  equilibrium  curve. 
The  comparison  does  not  show  this  to  be  the  main  factor  in  disagreement  over  the  course  of  the 
demonstration.  However,  as  venting  progresses,  the  actual  results  are  seen  to  exhibit  a  negative 
departure  from  the  model,  indicating  either  poor  contact  as  zones  are  cleared  of  contaminants, 
providing  clear  air  tlow  pathways,  or  indicating  a  shift  toward  dilTusional  control  of  removal  as 
concluded  by  Johnson  &.  Sterrett  (Reference  20).  Biodegr^ation  would  cause  the  actual  results  to 
start  at  the  same  level  as  the  equilibrium  curve,  but  decrease  faster  and  stay  bciow  the  equilibrium 
curve.  Although  this  docs  not  account  for  all  of  the  disagreement,  biodegradation  may  partially 
explain  the  deviation  in  the  latter  part  of  the  curve.  Although  the  equilibrium  curve  was  derived  for 
a  constant  soil  temperature  of  60°F  (T5.5“Q,  the  extracted  soil  gas  temperatures  increased  from  50 
to  55“F  (10.0  to  12.8°C)  in  the  winter  to  up  to  75“F  (23.9°C)  in  the  summer.  This  would  help 
explain  higher  actual  concentrations  and  removal  rates  during  middle  portions  of  the  venting  as 
temperatures  rose,  and  lower  actual  concentrations  than  the  model  later  since  the  higher  earlier 
removal  would  leave  less  volatile  contaminants  later  in  venting.  A  combination  of  these  and  possibly 
other  factors  is  expected  to  help  explain  deviations  between  the  measured  results  and  the  model; 
however  the  agreement  is  remarkable  given  the  simplicity  of  the  model. 

The  model  was  also  used  to  compare  the  measured  vapor  phase  hydrocarbon  distributions  with 
the  equilibrium  model.  Figure  75  shows  the  variation  of  the  gas  composition  as  indicated  by  tne 
average  number  of  carbon  atoms  per  molecule  calculated  by  the  model  superimposed  on  the  results 
obtained  from  GC  analyses.  This  averaged  carbon  number  was  derived  by  a  summation  of  the 
product  of  the  relative  weight  fraction  of  each  hydrocarbon  cut  in  the  gas  sample  and  the  number 
of  carbon  atoms  per  molecule  for  that  cut  For  example,  if  the  contaminants  in  a  sample  were  40 
weight  percent  of  C5-C6  hydrocarbons  and  60  weight  percent  C6-C7  hydrocarbons,  the  average 
carbon  number  as  defined  here  would  be  0.4(5)  -t-  0.6(6)  =  5.6.  Agreement  between  the  model  and 
measured  results  Ls  quite  good. 

6.  .Discussion 

Hie  removal  of  hydrocarbons  by  volatilization  in  the  Hili  AFB  demonstration  was 
representative  of  soil  venting  systems,  both  in  terms  of  mass  removal  and  extracted  gas  amtaminant 
concentrations.  Removal  rates  and  concentrations  were  very  high  initially,  but  they  decreased  rapidly 
as  venting  progressed.  This  behavior  was  modelled  well  in  this  case  by  a.ssuming  perfect 
air/contaminant  eimiact  and  applying  the  Raoult's  Law  equilibrium  relation. 
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CUMULATIVE  EXTRACTED  GAS  VOLUME  (sid  m'’) 

Ficurc  73.  Compari.son  of  Model  with  Hydrocarbon  Concentration  Results;  Semi-Logarithmic 
Representation.  Model  Input  •  26,000  Gallons  JP-4  at  60“  F.  (+  =  THA 
measurements;  -  =  model.) 


CUMULATIVE  VOLUME  EXTRACTED  (m'') 


Figure  74.  Comparison  of  Model  With  Hydrocarbon  Concentration  Results:  Logarithmic 
Representation.  Model  Input  -  26.000  Gallons  JP4  at  60“  F.  (+  =  THA 
measurements;  -  =  model.) 
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CUMULATIVE  VOLUME  EXTRACTED  (m^) 

Figure  75.  Comparison  of  Model  to  Results  of  Hydrocarbon  Composition. 
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The  equilibrium  model,  therefore,  provided  a  simple  but  powerful  tool  for  extrapolation  of 
.system  performance.  With  this  model,  it  may  be  seen  that  removal  of  JP-4  by  volatilization  alone  will 
require  vast  amounts  of  tim.e  beyond  the  80-90  percent  removal  range.  For  instance,  it  is  predicted 
that  about  325  liters  of  air  per  gram  of  JP-4  initially  present  is  required  to  achieve  80  percent  mass 
removal  by  volatilization  alone.  The  value  for  90  percent  removal  is  about  800  liters  per  gram, 
whereas  the  value  for  95  percent  removal  is  about  1500  liters  per  gram.  Therefore,  the  time  required 
for  removal  of  the  15  mass  percent  of  the  initial  spill  from  80  to  95  percent  removal  would  be  3.6 
times  longer  than  the  time  necessary  for  removal  of  the  first  80  percent. 

Although  venting  removes  the  bulk  of  the  contamination  quickly,  with  such  diminishing 
returns,  application  of  soil  venting  to  JP-4  spills  of  high  soil  concentration  appears  to  be  somewhat 
questionable  for  meeting  final  cleanup  levels  in  a  reasonable  amount  of  time  if  volatilization  were  the 
only  factor  in  removal.  Fortunately,  the  soil  aeration  induced  in  the  venting  process  also  enhances 
biological  activity,  aiding  in  the  removal  of  the  hydrocarbons.  Results  of  investigations  into  the  effects 
of  biodegradation  at  Hill  AFB  is  included  in  Section  V.E. 

E.  BIOACnVITY 

During  the  course  of  the  soil  venting  program  at  Hill  APB,  an  investigation  of  in  situ 
biodegradation  was  carried  out  by  Battelle  Columbus  under  a  separate  contract  with  the  Air  Force 
Engineering  and  Service  Center.  This  chapter  presents  the  results  of  these  studies.  The  text  is 
virtually  identical  to  the  text  of  the  initial  report  prepared  by  Battelle;  it  has  been  edited  only  to 
produce  a  consistent  format  and  to  eliminate  repetition  of  material  already  covered  in  previous 
sections.  Additional  observations  are  added  in  a  separate  section  following  the  Battelle  text. 
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Enhanced  Biodegradation  through  Soil  Venting 

R.  E.  Hinciiee,  D.  C.  Downey,  R.  R.  Dupont,  M.  Arthur 

The  objectives  of  this  project  were  (1)  to  document  biodegradation  of  JP-4  in  the  vadosc  zone 
at  the  soil  venting  installation  at  Hill  AFB,  Utah  and  (2)  to  conduct  laboratory  treatability  studie.s  to 
determine  the  feasibility  of  engineering  increased  in  situ  biodegradation  of  JP-4  in  the  vadosc  zone. 

1.  Background 

Fortunately,  fuel  compounds  are  biodegradable  if  natural  bacteria  are  provided  an  adequate 
supply  of  oxygen  and  basic  nutrients.  Although  natural  biodegradation  will  eventually  mineralize  most 
fuel  contamination,  the  process  is  frequently  too  slow  to  prevent  the  spread  of  contamination  at  many 
sites.  Such  sites  require  rapid  removal  of  the  contaminant  source  and  groundwater  treatment  to 
protect  sensitive  aquifers.  At  these  sites,  an  acceleration  of  the  natural  biodegradation  process  is 
desired. 


Over  the  past  two  decades  the  practice  of  enhanced  biodegradation  has  increased,  particularly 
for  treating  the  soluble  fuel  components  in  groundwater  (Reference  21).  Less  emphasis  has  been 
given  to  enhancing  biodegradation  in  the  unsaturated  zone.  .A.  recent  field  experiment  at  a  jet  fuel 
contaminated  site  using  infiltration  galleries  and  spray  irrigation  to  introduce  oxygen,  nitrogen,  and 
phosphorous  to  unsaturated,  sandy  soils  was  unsuccessful  due  to  rapid  hydrogen  peroxide  (H.O,) 
decomposition  and  resulting  poor  oxygen  distribution  (Reference  22).  .Soil  samples  also  revealed  that 
little  or  no  hydraulic  washing  of  fuels  had  occurred  even  t.hough  up  to  190  pore  volumes  of  water  had 
passed  through  the  soil  (Reference  23).  This  observation  confirms  earlier  laboratory  findings  that 
fuel  residuals  are  occluded  in  small  soil  pores,  making  them  inaccessible  to  passing  water  (Reference 
24).  Because  of  these  fundamental  h'mitations,  the  use  of  water  to  uniformly  transport  nutrients  and 
oxygen  through  the  unsaturated  zone  has  not  always  proven  effective. 

As  an  alternative,  a  potentially  cost-effective  method  for  in  situ  soil  remediation  is  to 
stimulate  soil-indigenous  microorganisms  to  metabolize  fuel  hydrocarbons  in  unsaturated  soils. 
Hydrocarbon-utilizing  bacteria  may  constitute  less  than  0.1  percent  of  the  normal  microbial 
community  in  unpolluted  ecosystems  and  up  to  100  percent  in  oil-polluted  eco.systems  (Reference  25). 
While  most  surface  soils  contain  microorganisms  capable  of  geologically  degrading  hydrocarbons  in 
situ,  the  factors  that  may  limit  the  bioremediation  process  need  to  be  overcome.  These  factors 
include  nutrient  limitations,  toxicity  of  fuel  hydrocarbons  and  associated  contaminants,  oxygen 
limitations,  moisture  filtration  limitations,  acidic  or  basic  conditions,  and  o.xygen  deficiency.  Probably 
the  most  important  factor  in  limiting  the  bioremediaticn  of  hydrocarbon-contaminated  soils  is  the  lack 
of  oxygen  to  support  microbial  metabolism  (Reference  26).  Insufficient  oxygen  in  fuel-contaminated 
soils  thus  plays  a  role  in  the  persistence  of  fuels  in  soils  (Reference  25). 

Soil  venting  may  be  a  reasonable  means  to  overcome  oxygen  limitations  and  stimulate 
biodegradation  in  the  vadose  zone.  The  microbial  biodegradation  of  hydrocarbons  in  soils  may  be 
stimulated  in  the  soil  venting  process,  while  volatile  compounds  are  simultaneously  removed  from 
contaminated  soils,  or  the  process  may  be  managed  to  minimize  volatilization. 


2.  Scope/Approach 

To  address  the  first  objective  of  this  project,  documentation  of  biodegradation  in  the  field, 
a  series  of  experiments  and  observations  were  conducted  at  Hill  AFB.  Heaiy  and  Daughion 
(Reference  27)  proposed  that  one  of  three  criteria  must  be  met  to  document  biodegradation:  (1)  loss 
of  substrate  coupled  with  an  increase  in  microbial  biomass,  (2)  production  of  metabolites  directly  from 
the  parent  material,  and  (3)  production  of  indicators  of  microbial  catabolism,  such  as  reduced  electron 
acceptors,  or  the  initiation  of  physiological  responses  that  are  typical  of  catabolism,  such  as  microbial 
acclimation.  In  this  study,  the  emphasis  was  primarily  on  the  second  criterion.  Specifically,  evolution 
of  CO,  and  utilization  of  oxygen  were  measured  in  situ.  In  order  to  address  the  second  objective,  the 
engineering  feasibility  study,  microbial  populations  and  substrate  reduction  were  examined  using  more 
homogeneous  and  controlled  laboratory  treatability  studies. 

3.  Microbial  Characterization 

Soils  were  collected  at  various  depths  from  the  uncontaminatcd  background  vent  location  and 
various  locations  in  the  contaminated  area.  Soil  samples  from  the  background  vent  were  collected 
by  Battelle;  ORNL  supplied  the  soils  from  the  contaminated  area.  Immediately  after  being  brought 
to  the  surface,  representative  soil  samples  from  specific  depths  were  placed  in  sterile  polyethylene 
bottles,  sealed,  placed  on  ice,  and  shipped  overnight.  The  samples  were  stored  at  39°  F  (4°C)  and 
maintained  at  field-moisi  conditions  for  no  more  than  a  few  days  prior  to  microbial  enumeration. 

Microbial  characterization  of  the  soils  included  enumeration  of  total  plateable  organisms  on 
nutrient  agar  (Difeo)  and  on  mineral  salts  agar  with  JP4  as  the  sole  carbon  source.  The  enumeration 
was  carried  out  in  triplicate  replicates  using  a  tenfold  soil  dilution  method  with  sterile  distilled  water 
as  the  dilution.  Appropriate  soil  dilutions  were  pour-piated  in  the  case  of  nutrient  agar  and  spread - 
plated  in  the  case  of  the  mineral  salts  agar  plus  JP-4.  The  mineral  salts  agar  contained  (per  liter): 
0.05  grams  potassium  hypophosphate  (KHjPO,),  0.50  grams  sodium  nitrate  (NaNOj),  U.  15  grams 
magnesium  sulfate  heptahydrate  (MgS0i-7H,0),  0.05  grams  calcium  chloride  hexahydrate 
(CaChOHjO),  0.05  grams  sodium  chloride  (NaCl),  and  0.01  grams  ferric  chloride  hexahydrate 
(FeClj  OH^O).  The  JP-4  was  added  to  a  filler  paper  that  was  then  taped  to  the  lid  of  each  petri  dish; 
volatile  compounds  from  the  filter  paper  served  as  the  carbon  source.  /\fter  several  days  of  dark 
incubation  at  77°  F  (25°  C),  colonies  were  counted  at  an  appropriate  dilution  with  the  aid  of  a 
Quebec-lighted  colony  counter.  The  results  were  expressed  as  the  mean  plus  or  minus  one  standard 
deviation  of  colony-forming  units  per  gram  soil  on  a  dry  weight  basis. 

The  plate  counts  on  the  nutrient  agar  are  referred  to  as  "total  microorganisms;"  those  on  the 
JP-4  and  mineral  salt  agar  are  referred  to  as  "hydrocarbon  degraders."  The  results  arc  illustrated  in 
Figure  76.  Significant  microbial  activity  was  observed  in  all  the  locations;  however,  at  the 
uncontaminated  background  vent  location,  very  little  microbial  activity  was  observed  below  20  feet 
(6.1  meters).  Hydrocarbon  degraders  appear  to  be  present  throughout  much  of  the  contaminated 
site. 


4.  Field  Studies 

Two  different  approaches  were  taken  in  the  field  studies;  (1)  The  offga.scs  frrrm  the  vents 
were  analyzed  to  attempt  to  quantify  the  amount  of  biodegraded  JP-4;  and  (2)  soil  gases  from  the 
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Location  Y  Background 


Figure  76.  Vertical  Distribution  of  Total  and  Hydrocarbon  Degrading  Microorganisms  at  Hill 
AFB,  Utah.  August  and  October  1988.  (Concentrations  are  the  Colony-Forming 
Units  per  Gram  Dry  Weight). 


monitoring  points  during  venting  shutdown  periods  were  analyzed  to  estimate  specific  respiration 
rates. 


a.  Venting  OfTgas  Studies 

Aerobic  biodegradation  consists  of  the  conversion  of  a  carbon  source  into  bioma.ss  and 
energy.  The  stoichiometrv’  of  aerobic  mineralization  (that  portion  of  the  carbon  source  ut'lized  for 
energy)  of  sclectea  JP-4  constituents  may  be  expressed  as: 

7-~02  -  6CO2  ♦  BH^O  (for  benzene)  [16] 


and 


r 
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H 


14 


6CO2  +  7K2O  (for  hexane) 


[17] 
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Biodegradation  of  JP-4  to  mineralization  may  therefore  be  estimated  by  determining  either 
oxygen  utilization  or  CO,  production.  The  problems  associated  with  this  in  a  soil  venting  operation 
such  as  at  Hill  APB  include  accounting  for  non-JP-4  carbon  respiration  and/or  inorganic  Consources 
and  sinks.  It  should  be  noted  that  these  are  only  estimates  of  the  JF-4  actually  mineralized--those 
portions  converted  to  biomass  or  simply  partially  degraded  to  another  organic  compound  were  not 
measured.  Therefore  these  estimates  of  biodegradation  must  be  considered  conservative. 

(1)  Oxygen  and  CO,  Measurement  Techniques 

Most  of  the  soil  gas  samples  were  collected  for  analysis  of  oxygen  and  carbon  dioxide 
content  on  a  real-time  basis  using  Bacharach  PYRITE*  Oj  and  COj  monitors.  These  monitors  are 
routinely  used  for  the  determination  of  O,  and  CO,  in  boiler  and  furnace  flue  gases  and  work  on  the 
principle  of  volume  reduction  in  a  closed  container  fbiiowing  absorption/reaction  of  a  gas  with  a 
reaction  fluid,  similar  to  the  Orsat  gas  analysis  method.  These  monitors  are  accurate  to  +,  0.25-0.5 
percent  over  a  full  scale  of  0  to  21  percent  by  volume  for  both  Oi  and  COj.  They  do  require, 
however,  that  readings  be  taken  at  temperatures  near  68  to  77®F  (20  to  25 °C)  to  maintain  both  their 
accuracy  and  precision.  When  ambient  temperatures  were  in  this  operating  range,  O,  and  CO^ 
measurements  were  made  at  each  location;  while  determinations  during  periods  with  much  lower 
temperatures  required  the  analysis  of  grab  samples  of  vent  contents  in  a  heated  sampling  trailer 
located  on  site. 

Approximately  two  vent  volumes  were  purged  from  each  vent  before  sample  collection. 
Purging  was  carried  out  using  personal  monitoring  pumps,  operated  at  2  to  4  liters  per  minute,  which 
were  connected  to  each  well  by  Teflon*  tubing  and  stainless  steel  tubing  fittings.  For  those  samples 
analyzed  directly  at  the  well,  the  personal  vacuum  pump  was  disconnected  after  the  well  was  purged, 
and  a  small  hand  vacuum  pump  was  attached  to  the  well  head.  The  hand  pump  was  evacuated  by 
squeezing  the  pump  bulb  five  times  before  it  was  attached  to  a  FYRITE*  reaction  chamber.  The  well 
gas  was  introduced  into  the  reaction  chamber  by  squeezing  the  pump  bulb  an  additional  18  times 
while  compressing  the  chamber  inlet  valve.  The  reaction  chamber  was  inverted  two  times  to  allow 
the  gas  and  chamber  solution  to  react,  then  the  solution  in  the  calibrated  sight  chamber  was  allowed 
to  equilibrate  for  approximately  15  seconds  before  a  reading  was  taken.  Readings  were  taken  as 
(xrreent  volume  of  O,  or  CO;  and  were  generally  read  to  the  nearest  0.5  percent.  For  those  samples 
collected  at  ambient  temperatures  below  68  to  TT’F  (29  to  25 °C),  a  T^lar*  bag  was  connected  to 
the  effluent  port  of  the  personal  monitoring  pumps  following  well  purging  to  collect  approximately 
2  liters  of  vent  gas.  These  Tedlar*  bags  were  then  allowed  to  reach  optimum  analysis  temperature 
in  the  heated  sampling  trailer  (about  10  minutes)  before  being  analyz.^  as  described  above. 

For  quality  assurancc/quaiity  control  purposes,  the  FYRiTE*  monitors  were  calibrated 
to  ambient  air  at  each  well  field  sampling  event  In  addition,  FYRITE*  results  were  routinely 
compared  with  those  of  a  Universal  Enterprises  Model  C5  portable  oxygen  analyzer,  and  Gastech 
direct  reading  COj  tubes  to  verify  their  accuracy  from  independent  vent  well  measurements.  A 
limited  number  of  CO,  analysis  were  also  performed  utilizing  a  gas  chromatograph  with  a  thermal 
conductivity  detector. 
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(2)  Background  Vent 

The  background  vent  was  installed  in  an  uncontaminatcd  location  geologically  similar 
to  the  main  venting  site.  The  vent  was  operated  at  an  average  flow  rate  of  55  feet^/minute  (0.026 
mVsecond).  At  several  times  throughout  the  study,  gas  samples  were  collected  from  the  background 
vent  for  and  CO,  analysis.  In  general,  oxygen  levels  were  at  or  only  slightly  below  atmospheric. 
Carbon  dioxide  was  typically  higher  than  atmospheric,  but  well  below  ]  percent.  The  average  level 
appeared  to  be  approximately  0.2  percent,  generally  about  10  times  higher  than  atmospheric. 

(3)  Carbeo  Isotope  Studies 

In  order  to  further  investigate  the  source  of  carbon  dioxide  in  the  soil  gases,  the 
isotopic  ratios  of  ’’C^’C  were  determined. 

Four  different  gas  samples  were  collected  for  analysis:  one  from  the  background  vent; 
one  from  monitoring  point  M,  a  contamination  location  which  had  high  CO,  levels;  one  from  Vent 
10  during  active  venting;  and  one  atmospheric  sample.  The  samples  were  pas.sed  through  activated 
carbon  filters  to  remove  any  hydrocarbon  vapor  and  collected  in  Tedlar*  bags  for  transportation  to 
the  laboratory. 


The  carbon  dioxide  in  the  gaseous  samples  was  isolated  from  other  components  by 
a  series  of  freeze-thaw  steps.  First,  the  sample  was  passed  through  a  dry  ice  alcohol  trap  that 
removed  moisture  and  other  condensible  gases.  The  residual  gases  were  then  passed  through  a  liquid 
nitrogen  trap,  freezing  the  carbon  dioxide.  The  system  was  evacuated  to  remove  any  noncondcnsible 
fractions.  The  frozen  gas  was  thawed  and  the  above  steps  repeated  at  least  two  times  until  there  was 
no  noncondensible  fraction. 

The  pure  sample  of  carbon  dioxide  gas  was  analyzed  on  a  dual-inlet,  Nier-type  mass 
spectrometer.  Carbon  dioxide  evolved  from  the  reaction  of  phosphoric  acid  with  a  Belcmnitella 
americana  from  the  Cretaceous,  Peedee  Formation,  South  Carolina,  is  used  as  a  reference  gas.  The 
Lsotopic  ratios  of  an  unknown  are  reported  as  a  per-mil  deviation  from  the  standard  using  the  ’5’ 
notation: 


5  -  ^^sample~^scd'^ 

R. 


^sed 


[18] 


where  and  is  the  ratio  of  '^C  to  'Kl  in  the  sample  or  the  standard,  respectively. 

The  ratio  of  the  two  stable  isotopes  of  carbon,  ’^C  and  ’’C.  is  characteristic  of  the 
source  of  carbon  in  a  given  sample  of  gas,  liquid,  or  solid.  Typical  ranges  of  5  values  foi  different 
source  materials  are  shown  in  Figure  77.  As  seen  in  this  figure,  the  5  values  for  organic  material  and 
the  organism  are  lower,  that  is  enriched  in  the  lighter  isotope,  compared  with  the  atmospheric  carbon 
dioxide. 
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Isotopic  composition  of  gases  produced  by  the  oxidation  of  the  organic  material, 
either  as  a  result  of  plant  respiration  or  by  the  degradation  of  petroleum  and  other  hydrocarbons,  also 
is  lower  than  that  of  atmospheric  COj.  Thus,  5  values  of  surface  gas  samples  may  be  used  to  identify 
the  subsurface  source  of  carbon. 

The  isotopic  values  of  four  gas  samples  taken  from  the  Hill  AFB  site  are  shown  in 
Table  15  and  illustrated  in  Figure  77.  Isotopic  compositions  of  the  atmospheric  sample  (-11.7  per 
mil)  and  the  sample  from  the  backgnjund  vent  (-23.6  per  mil)  arc  similar  to  those  reported  for  the 
atmospheric  CO,  and  plant  respirato.7  CO„  respectively.  The  background  vent  defines  the  back¬ 
ground  isotopic  composition  for  uncontaminated  soil  gas  in  the  area. 

Vent  10  and  monitoring  point  M  are  in  the  contaminated  region,  and  isotopic  values 
of  gases  from  these  two  vents  (-273  and  -29.4  per  mil)  arc  lower  than  the  background  vent. 
Monitoring  point  M  is  a  static  monitoring  point  in  the  ccntanunated  region  and  will  have  the  greatest 
component  of  CO,  produced  by  the  degradation  of  hydrocarbons.  Vent  10  is  an  active  vent  and 
would  be  expected  to  have  some  contribution  of  the  isotopically  heavier,  plant  respiratory  CO,  and 
atmospheric  CO^  This  supports  the  O,  and  CO,  analysis  observations  in  which  the  background  vent 
exhibited  CO,  concentrations  elevated  above  atmosphere  but  below  1  percent.  It  appears  that  the 
soil  gas  extracted  by  the  venting  operation  contained  something  on  the  order  of  0.7  percent  CO,  as 
the  result  of  non-JP-4  respiration. 


Figure  77.  Isotopic  Content  of  Off-Gases  Collected  from  Kill  AFB,  Utah,  and  Various  Other 
Environmental  Forms  of  Carbon.  (Environmental  carbon  isotopic  content  based 
on  Reference  29.  Refer  to  text  for  identification  of  isotopic  standard.) 
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TABLE  15.  RESULTS  OF  ISOTOPIC  ANALYSIS  OF  GASES  COLLECTED 
IN  JUNE  1989  FROM  THE  HILL  AIR  FORCE  BASE.  UTAH.  VENTING  SITE 


SAMPLE 

C02(Pcrccnt) 

5  '^C 

Atmospheric 

0.0.3 

-11.7 

Background  Vent 

0.2 

-13.6 

Monitoring  Point  .M 

9.5 

-29.4 

Vent  10 

0.6 

-27.3 

(4)  Biodegradation  Estimates 

Between  18  December  1988  and  1  April  1989,  a  total  of  8,642,000  ft^  (245,000  m^) 
of  soil  gas  was  extracted  from  the  Hill  AFB  site.  The  concentration  of  CO,  and  O,  varied 
considerably  during  this  time,  as  indicated  in  Figure  78.  The  depletion  of  0_.  and  enrichment  of  COj 
in  the  vent  gas,  as  compared  to  the  background  vent,  sugge.sts  aerobic  degradation  of  JP-4 
hydrocarbon.  The  large  drop  in  O,  and  rise  in  CO,  concentration  at  approximately  50  days  (400,000 
scf  extracted)  was  related  to  restarting  the  vent  system  following  a  nine  day  shut-down  period. 

To  carry  out  a  mass  balance  at  the  site,  ail  vent  gas  constituents  were  converted  to 
an  equivalent  C  basis.  ,fP-4  fuel-C  was  determined  ba.sed  on  direct  readings  of  the  total  hydrocarbon 
analyzer  calibrated  to  hexane,  corrected  by  the  ratio  of  C  to  hexane,  i.e.; 


JP-4  Fuel  Carbon  =  Fuel-Hexane  (72  g  C;86  g  Itexane)  =  Fuel-Hexane  (0.837)  [19] 


Calculations  for  CO,  were  similar,  with  CO;-C  calculated  by  the  product  of  CO,  concentration  and 
the  fraction  of  C  in  CO,,  i.e..  12  g  C/44  g  CO,.  Oxvgen  equivalent  C  was  determined  based  on  the 
oxygen  deficit  (below  background  O.  levels)  measured  in  the  vent  gas  over  time,  the  oxygen 
equivalent  of  hexane  (.7.5  g  0,/g  hexane),  and  the  CTrexane  ratio  shown  in  the  equation  above.  It 
should  be  noted  that  estimates  of  biodegradation  based  on  CO,/0,  data  are  conservative  as  neither 
consider  JP-4  converted  to  biomas.s  or  partially  degraded. 


Based  upon  these  calculations  (included  in  Appendix  J,  unpublished  -  available  from 
ORNL  and  AFESC),  the  mass  of  JP-4  as  carbon  removed  or  degraded  between  18  December  and 
1  April  1989  may  be  estimated  as;  25,264  pounds  (1 1,500  kg)  volatilized  and  4,850  or  4,698  pounds 
(2200  or  2130  kg)  biodegraded  (calculated  from  O,  deficit  and  CO,  increase  respectively).  These  two 
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Figure  78.  Variation  of  Oxygen  and  Carbon  Diorade  Coocentnr.iions  in  Extracted  Gas  With 
Time  for  the  Period  18  December  to  1  1989. 


results  agree  remarkabiy  well.  Egure  79  illustrates  the  relative  role  of  biodegradation  compared  to 
volatilization  over  ti.mc  at  the  site.  Over  the  70-day  period  of  actual  operation  (not  calendar  days), 
apparent  biodegradation  relative  to  volatilization  was  initially  30  to  40  percent  and  then  dropped  off 
to  15  to  20  percent  on  a  cumulative  basis.  This  decline  sjy  only  be  an  artifact  of  increasing  venting 
rates,  which  would  increase  volatilization  rates  but  have  little  effect  on  biodegradation.  ITie  rapid 
decline  was  also  partly  due  to  the  initial  purge  of  CO^  which  had  acounulated  in  soil  gas.  It  is  also 
possible  that  this  decline  could  be  due  to  drying  of  the  lofls  over  this  period;  however,  in  situ  soil 
moisture  measurements  showed  little  change  in  moisture  content  below  10  feet  (3.0  meters). 

b.  In  dtu  Respiration  Studka 

Although  COj  and  Oj  in  the  venting  offgas  provide  a  good  indication  of  total  site 
respiration,  it  is  diiucuit  to  uetermine  either  the  specific  rsspiraticn  rates  or  spatial  varinhility  in 
respiration  rates.  In  order  to  do  this,  the  monitoring  poiatt  were  monitored  for  O,  and  COj  during 
periods  of  venting  shutdown.  This  allowed  for  determination  of  site-specific  O,  utilization  and  CO, 
production  rates.  Three  different  in  situ  respiration  tests  were  conducted  as  follows;  the  first 
beginning  on  19  December  1988,  after  the  first  day  of  veatmg,  during  which  time  45,000  (13,000 

m^)  of  air  were  removed  from  vent  well  7;  the  second  begmning  on  13  January  1989  after  the  first 
3  weeks  of  venting,  prior  to  which  time  540,000  ft^  (15,300  m*)  of  air  were  removed;  and  the  third 
beginning  on  26  May  1989  after  6  months  of  venting,  during  whidt  time  45,000,000  ft^  (1.27  x  10*  m^) 
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Figure  79.  Contribution  of  Biodegradation  to  JP-4  Remediation  at  the  Hill  AFB,  Utah,  Venting 
Site,  18  December  1988  to  1  April  1989. 


were  removed.  Assuming  contaminated  site  dimensions  of  200  feet  x  100  feet  x  40  feet  (61  meters 
X  30-5  meters  x  1Z2  meters)  and  an  air-fiUed  porosity  of  OJO,  this  would  represent  an  air  volume  in 
the  contaminated  site  of  approximately  240,000  ft*  (6800  m*).  Based  on  this  calculation,  the  pore 
volumes  of  air  extracted  piior  to  the  in  jim  respiration  tests  would  be  0.18,  23  and  190. 


Prior  to  initiating  soil  gas  venting,  O,  and  CO,  concentrations  were  measured  on  7 
December  1988.  These  results  are  illustrated  in  Figure  80.  The  soil  gas  oxygen  concentrations  at  the 
beginning  and  end  of  each  of  the  in  sUu  respiration  tests  are  illustrated  in  Figures  81-86.  Figure  87 
illustrates  the  results  of  one  of  these  tests  at  monitoring  point  Y,  and  the  results  of  the  successive 
tests  at  monitoring  points  Y  and  M  arc  illustrated  in  Hgures  88  and  89. 
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Figure  .SO.  Oxygen  Concentrations  in  Soil  Gas  on  7  Dec  1988  Prior  to  Any  Venting. 
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Figure  81.  Oxygen  Concentrations  in  Soil  Gas  on  19  December  1988  at  the  Initiation  of  the 
First  /n  Situ  Respiration  Test. 
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Ficure  82.  Oxs’gen  Concentrations  in  Soil  Gas  on  22  December  1988  at  the  Conclusion  of  the 
First  In  Situ  Respiration  Test. 
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Ficurc  83.  Oxygen  Concentrations  in  Soil  Gas  on  13  January  1989  at  the  Initiation  of  the 
Second  In  Situ  Respiration  Test. 
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Figure  84.  Oxvgen  Concentrations  in  Soil  Gas  on  18  January  1989  at  the  Completion  of  the 
Second  In  Situ  Respiration  Test. 


Figure  85.  Oxygen  Concentrations  in  Soil  Gas  on  26  May  1989  at  the  Initiation  of  the  Third  In 
Situ  Respiration;  Test. 
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Figure  86.  Oxygen  Concentrations  in  Soil  Gas  on  9  June  1989  at  the  Conclu.cion  of  the  Third 
In  Situ  Respiration  Test. 
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Figure  87.  The  Results  of  the  first  In  Situ  Respiration  Test  at  Monitoring  Point  Y  (65  Feel 
Below  Land  Surface),  19  December  1989. 
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At  the  completion  of  the  third  in  situ  respiration  test,  gas  from  the  monitoring  points  and 
some  of  the  vent  wells  were  field  screened  for  hydrocarbon  vapor  as  well  as  CO,  and  O,.  This  was 
done  using  a  portable  TIP,  with  a  photo-ionization  detector.  Concentrations  are  reported  as  parts- 
per-million  hydrocarbons.  The  results  of  these  tests  are  illustrated  in  Figures  90  and  91.  Many  of 
the  monitoring  points  had  greater  than  1500  ppm  of  hydrocarbons,  and  these  points  generally  had 
low  O,  and  relatively  high  CO,.  This  trend  is  more  apparent  in  the  vent  data  (Figure  91).  The  vents 
screened  across  a  40-foot  (lZ2-meter)  interval  intersect  numerous  contaminated  and  uncontaminated 
zones.  The  gases  are  therefore  a  blend  of  the  various  zones.  The  higher  hydrocarbon  concentrations 
are  diluted  by  less  contaminated  zones.  As  a  result,  all  hydrocarbon  concentrations  are  within  the 
detectable  range  and  indicate  a  good  correlation  between  hydrocarbon  and  CO,  content  and  an 
inverse  relationship  between  hydrocarbon  and  O,  content 

Orygen  utilization  rat»  determined  in  the  in  situ  respiration  tests  are  summarized  in  Table 
16.  The  first  order  oxygen  utilization  rates  measured  in  situ  varied  from  0.029  to  10.9  x  10"*  minute '. 
At  some  monitoring  points  at  times  no  detectable  oxygen  uptake  was  measurable.  Moniton'ng  points 
Y  (Egurc  88)  and  M  (Figure  89)  illustrate  this  point  At  the  time  of  the  first  shutdown  test,  Y  had 
a  fairly  high  respiration  rate;  however,  after  6  months  of  venting  there  was  no  detectable  respiration. 
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Figure  90.  JP-4  Hydrocarbon  (HQ,  O,  and  COj  Concentrations  9  June  1989  in  the  Monitoring 
Points  at  the  Conclusion  of  the  Third  In  Situ  Respiration  Test. 


VENT 

Figure  91.  JP-4  Hydrocarbon  (HC),  O,  and  CO,  Concentrations  9  June  1989,  in  the  Vents  at 
Conclusion  of  the  Third  In  Sim  Respiration  Test. 


Conversely  at  monitoring  point  M,  at  the  time  of  the  first  and  second  in  situ  respiration  tests,  the 
oxygen  levels  were  so  low  that  no  respiration  could  be  detected.  At  the  third  test,  however,  the 
location  became  oxygenated  and  a  relatively  high  rate  of  respiration  was  measured.  It  is  reasonable 
to  conclude  that  the  changes  at  monitoring  point  Y  were  a  result  of  the  location  becoming  clean. 
Soil  gas  hydrocarbon  measurements  with  a  field  portable  TIP  of  only  77  ppm  support  this  conclusion. 
At  location  M.  it  is  likely  that  the  microbial  community  was  active  from  the  beginning,  but  initially 
oxygen  limited.  The  presence  of  oxygen  at  M  after  6  months  may  actually  indicate  reduced 
respiration  and  reduced  oxygen  demand. 

Based  upon  the  data  collected,  it  is  difficult  to  interpret  the  short-term  trends  and 
variability  observed;  however,  it  is  apparent  that  significant  respiration  was  occurring  in  the  JP-4 
contaminated  vadose  zone.  Based  upon  the  background  vent  studies,  no  such  respiration  was 
occurring  under  similar  conditions  in  an  uncontaminated  location. 

5.  Bench-Scale  Studies 

The  objective  of  this  study  was  to  determine  the  feasibility  of  engineering  an  increase  in  the 
biodegradation  observed  in  the  field  studies.  This  was  done  by  augmenting  a  composite  Hill  AFB  soil 
with  nutrients  and  moisture. 
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TABLE  16.  RESULTS  OF  in  situ  RESPIRATION  TIESTS  WITH  R^  >  0.60  CONDUCTED 
AT  HILL  AIR  FORCE  BASE,  UTAH.  (THE  RATE  CONSTANTS  ARE  THE 
nRST-ORDER  OXYGEN  UTILIZATION  CONSTANTS  X  10^  MIN  '.) 


MONITORING 

POINT 

DEPTO 

(feet) 

DEPTH 

(meten) 

In  Sim  RESPIRATION  TEST 

December  January  May-June 

19®  1^  1989 

K  R^  K  K  R2 

A 

30.0 

9.1 

■■ 

- 

-- 

- 

0.061 

0.63 

B 

30.0 

9.1 

- 

1.2 

0.95 

0.39 

0.83 

C 

6.0 

1.8 

- 

- 

- 

- 

4.8 

0.87 

F 

25.0 

7.6 

- 

~ 

■1 

- 

0.68 

0.79 

H 

25.0 

7.6 

- 

~ 

- 

2.1 

0.89 

K 

30.0 

9.1 

- 

- 

3.8 

0.75 

-- 

-- 

M 

25.0 

■Si 

- 

- 

-- 

-- 

mam 

0.86 

N 

45.0 

13.7 

~ 

~ 

0.37 

0.70 

- 

- 

P 

30.0 

9.1 

10. 

0.77 

0.93 

0.77 

- 

.. 

Q 

30.0 

9.1 

■a 

0.99 

- 

- 

2.3 

0.99 

R 

30.0 

9.1 

- 

- 

- 

- 

0.85 

0.88 

S 

6.0 

1.8 

- 

- 

- 

- 

0.091 

0.91 

T 

55.0 

16.8 

- 

- 

0.42 

0.95 

0.17 

0.67 

U 

6.0 

1.8 

- 

- 

-- 

- 

0.36 

0.77 

W 

55.0 

mm 

- 

- 

0.32 

0.99 

0.036 

0.78 

X 

6.0 

1.8 

~ 

mm 

- 

0.029 

0.71 

Y 

65.0 

19.8 

5.9 

0.93 

2.1 

0.95 

iimi 

AA 

30.0 

9.1 

- 

~ 

0.27 

0.99 

- 

-- 

s.  Experimental  Design 


Fifteen  soil  columns  were  set  up  in  the  laboratory,  12  were  treatment  columns  and  3  were 
killed  controls  [chemically  treated  with  500  mg/kg  cadmium  chloride  (CdQ2)  and  500  mg/kg  mercuric 
chloride  (HgQ2)  to  avoid  autoclaving).  The  columns  were  12  inches  (30.5  cm)  deep  and  1.5  inches 


(3.8  cm)  wide.  Each  column  contained  0.113  pounds  (250  grams)  of  soil  on  a  dry-weight  basis.  The 
soil  in  the  columns  was  composited  from  several  JP-4  contaminated  soil  samples  collected  by  ORNL 
at  Hill  AFB.  The  concentration  of  fuel  in  the  composited  soil  was  adjusted  to  approximately 
1000  mg/kg  by  dosing  svith  JP-4.  The  experimental  design  included  three  soil  moisture  levels;  25, 
50,  or  75  percent  of  field  capacity,  (6.1,  12.2,  and  18J  percent  moisture)  in  duplicate;  the  triplicate 
sterile  controls  were  nutrient  treated  and  held  at  50  percent  of  field  capacity.  This  compares  with 
native  soU  moistures,  as  measured  at  the  background  vent  of  1.4  to  18.0  percent.  Of  the  seven  soil 
samples  analyzed,  however,  five  had  moisture  levels  below  the  25  percent  of  field  capacity.  Duplicate 
columns  at  each  moisture  level  were  amended  with  2  percent  (wAv)  Restore*  375.  Restore*  375  is 
an  FMC  commercial  nutrient  formulation  for  in  situ  biodegradation  in  groundwater.  Its  composition 
is  50  percent  ammonium  chloride  (NH4Q),  20  percent  sodiiun  phosphate  (NajP04),  17.5  percent 
sodium  tripolyphosphate  (NajPjOjj),  and  12.5  percent  monosodium  phosphate  (NaH2P04).  Three 
method  blank  columns  (no  soil)  were  included  in  the  experimental  design.  The  temperature  was 
monitored  at  77.9°F  (25.5°C).  At  least  weekly,  the  sou  columns  were  weighed  to  determine  moisture 
losses;  distilled  water  was  added  as  necessary  to  maintain  the  columns  at  their  iriitial  moisture  content. 

Each  soil  column  was  sealed  on  either  end  with  a  rubber  stopper  that  contained  a  glass 
tube.  The  glass  tube  entering  the  bottom  of  each  column  was  fitted  with  a  fitted  glass  diffuser  and 
was  attached  by  rubber  lubing  to  the  air  inlet  The  giass  tube  exiting  the  top  of  each  column  was 
cormected  by  rubber  tubing  to  individual  alkali  traps  to  capture  evolved  CO,.  The  columns  were 
constantly  vertical  in  an  upflow  manner.  Ail  columns  wre  vented  with  humidified  air  that  passed 
through  alkali  scrubbers  to  remove  background  CO^  The  offgases  from  each  column  were  passed 
through  individual  traps  of  IN  sodium  hydroxide  (NaOH). 

Periodically  (at  least  weekly)  over  a  48-day  test  period  the  alkali  traps  for  each  soil  column 
were  .jplaced  with  fresh  alkali.  The  CO2  trapped  in  the  used  alkali  was  precipitated  as  barium 
carbonate  (BaCOj)  by  the  addition  of  saturated  barium  chloride  (BaQj).  The  amount  of  COj 
trapped  vf3s  then  determ;.’.ed  by  titration  with  hydrochloric  acid  (HQ)  using  an  autotitrator.  The 
cumulative  evolution  of  COj-C  over  48  days  was  calculated  as  follows: 


where  V  =  mL  of  acid  for  end-point  titration  of  the  alkali  in  the  CO2  traps  from  individual 
treatment  or  sterile  soil  columns, 

B  =  average  mL  of  acid  for  end-point  titration  of  the  alkali  in  the  CO,  traps  from  the 
duplicate  method  blank  columns, 

N  =  Normality  of  acid  used  for  the  titratior^s,  and 

E  =  the  equivalent  weight  of  COj-C,  i.e.,  6  mghneq. 

Soils  were  analyzed  for  hydrocarbon  content  at  the  beginning  and  end  of  the  incubation 
period.  To  perform  the  hydrocarbon  analysis,  30  grams  of  each  soil  were  extracted  with  100  mL  of 
acetone  by  shaking  for  30  minutes.  Thirty  mL  of  the  extract  were  than  diluted  with  distilled  water 
to  a  volume  of  200  mL,  which  was  poured  through  a  Pre-Sep  C-18  column.  The  hydrocarbons 


retained  on  the  Pre-Sep  colunn  were  eiuted  with  1  mL  of  dichloromethane.  One  microliter  of  the 
eluate  was  then  injected  into  a  Hewlett-Packard  5890  gas  chromatograph  (GC)  equipped  with  a 
llame-ionization  detector.  The  other  GC  conditions  were  as  follows: 


Column: 
Injector: 
Detector: 
Temperature  Program: 


6  feet  X  2  mm  ID,  3  percent  OV  101 

9“C 

300°  C 

40°  C  for  4  minutes,  increasing  to  260°  C  for  4  minutes 
(total  run  time  =  30  minutes). 


The  results  are  expressed  as  milligrams  of  JP-4  per  dry  kilogram  of  soil  compared  to  a  JP-4  standard. 
Microbial  enumerations  for  total  and  hydrocarbon  degenerating  microorganisms  were  also  conducted 
before  and  after  the  test  period. 


b.  Results 


The  cumulative  evolution  of  CO,  through  48  days  for  all  columns  is  shown  in  Figure  92. 
Those  columns  receiving  nutrients  showed  the  greatest  evolution  of  CO,-C.  Figure  9.3  illustrates  the 
results  of  the  bench  control.  This  control  received  the  Restore*  375  treatment  and  was  at  50  percent 
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Figure  92.  Results  of  Bench  Scale  Treatability  Studies  with  Hill  AFB,  Utah.  Soils.  (The  points 
are  the  means  ot  two  tests  with  the  ends  of  the  bars  representing  the  results  of  each 
separate  test.) 
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Figure  93.  Results  of  Dead  Gjnlrol  for  Bench  Scale  Treatability  Studies  with  Hill  AFB,  Utah, 
Soils.  (The  points  are  the  means  of  two  tests  with  the  ends  of  the  bars  representing 
the  results  of  such  separate  test  Both  live  and  dead  treatments  are  with  2%  Restore 
375  and  at  a  moisture  level  of  50%  of  field  capacities.) 


of  field  capacity.  Carbon  dioxide  evolution  was  substandally  higher  with  the  live  treatment  TheC02 
evolved  by  the  dead  control  was  most  likely  inorganic  in  nature  released  by  the  soil  or  water.  The 
soil  columns  held  at  75  percent  of  field  capacity  and  amended  with  Restore*  375  evolved  an  average 
ofll5±6.1mg  (460  mg/kg  of  column  soil)  of  CO^-C  over  48  days.  The  next  greatest  average  evolu¬ 
tion  of  CO  ,-C,  96.2  ±6.1  mg,  (385  mg/kg  of  column  sou)  was  from  the  nutrient-amended  columns 
held  at  50  percent  of  field  capacity.  Finally,  the  nutrient-amended  columns  held  at  25  percent  field 
capacity  averaged  S0.8  ±  1.0  mg  of  CO^-C  (323  mgkg  of  column  soil).  All  remaining  columns, 
including  the  sterile  controls,  averaged  25  to  30  mg  of  CO^-C  over  the  4S-day  incubation.  The 
addition  of  nutrients  appeared  to  stimulate  respiration  a  measured  by  CO-  evolution. 

Table  17  illustrates  the  results  of  hydrocarbon  and  microbial  analysis  before  and  after  the 
48-day  treatability  test  The  variability  inherent  in  these  measurements  make  it  difficult  to  discern 
trends  with  such  a  limited  number  of  samples;  however  hydrocarbon  concentrations  were  generally 
lower  and  microbial  activity  was  higher  after  aeration. 

6i.  Cooduskuts  of  Biodegrsdatkm  Studies 

Based  on  this  study,  the  following  conclusions  are  drawn: 

1.  Aerobic  biodegradation  of  JP-4  did  occur  in  the  vadose  zone  at  the  HUI  AFB  site. 
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TABLE  17.  RESULTS  OF  JP-4  HYDROCARBON  ANALYSIS  AND  MICROBIAL 

ENUMERATIONS  ON  SOILS  FROM  THE  BENCH  SCALE  TREATABILITY 
TESTING  OF  THE  HILL  AIR  FORCE  BASE  SOILS.  ALL  RESULTS  WERE 
THE  ME/\N  OF  TWO  TREATMENTS. 


TREATMENT 

JP-4 

HYDROCARBON 

CONCENTRATION 

(mgAg) 

HYDROCARBON 
TOTAL  DEGRADERS 

(CFU/gm  X  KP) 

Initial 

1000 

7.6 

8.7 

Dead  Control 

714 

<0.001 

<0.001 

Without  Nutrients 

25  Percent  Field  Capacity 

282 

1540 

1160 

50  Percent  Field  Capacity 

374 

860 

1780 

75  Percent  Field  Capacity 

301 

1510 

1550 

With  Nutrients 

25  Percent  Field  Capacity 

560 

105 

0.73 

50  Percent  Feld  Capacity 

405 

1350 

478 

75  Percent  Feld  Capacity 

371 

4930 

3170 

2.  Biodegradation  was  increased  by  the  soil  venting, 

3.  Laboratory  bench  scale  studies  indicate  that  it  is  feasible  to  substantially  increase  in  siiu 
biodegradation  by  the  addition  of  inorganic  nutrients  and  increasing  soil  moisture. 

7.  Reconunendatioos 

The  recommendations  that  result  from  this  study  are  combined  into  two  groups.  The  first 
is  for  those  currently  involved  in  soil  venting  who  wish  to  document  biodegradation  at  their  sites,  and 
the  second  group  is  to  assist  in  the  pursuit  of  a  mature  technology  based  upon  these  findings. 

a.  Recommendations  for  Conventional  Soil  Venting 


Soil  venting  alone,  with  no  nutrient  addition  or  moisture  addition,  may  result  in  stimulating 
in  siiu  biodegradation.  In  this  study  it  was  found  that  about  15  percent  of  the  JP-4  removal  was  the 
result  of  biodegradation.  Ely  and  Heffner  (Reference  29)  report  that  at  a  gas  line  contaminated  site. 


2.3  percent  O,,  11  percent  CO^,  and  4.9  percent  oil  vapor  was  observed  in  the  venting  site.  At  a 
background  location  they  report  18.3  percent  1.0  percent  CO,,  and  0  percent  oil  vapor.  It  is  not 
clear  if  the  background  location  was  being  vented,  or  what  the  duration  of  the  venting  was  at  the 
contaminated  site;  however,  these  data  appear  to  indicate  that  higher  biodegradation  rates  were 
observed  than  at  the  Hill  Air  Force  Base  site.  Based  upon  this  study,  the  following  recommendations 
are  made  for  those  conducting  conventional  soil  venting  of  fuel  hydrocarbon-contaminated  soils; 

(1)  Before  to  venting,  determine  soil  gas  hydrocarbon,  COj,  and  Oj  profiles. 

(2)  Measure  hydrocarbon,  CO,,  and  O,  in  the  offgas.  This  information  can  be  used  to 
document  biodegradation  and  may  help  determine  the  end  point  for  venting.  A 
mixed  hydrocarbon  fuel  such  as  JP-4  has  a  fraction  too  heavy  to  volatilize,  and 
biodegradation  may  continue  after  the  light  end  has  volatilized. 

(3)  Develop  an  estimate  of  noncontaminant  respiration.  This  may  be  done  either 
through  background  measurements  of  COj  and  O,  in  an  uncontaminated  location  or 
by  carbon  isotopic  analysis. 

b.  Recommendations  for  Future  Studies 

To  further  pursue  the  development  of  a  soil-venting  based,  enhanced  in  situ  technology, 
the  following  recommendations  are  made: 

(1)  Further  studies  of  fuel  degradation  in  unsaturated  soils  are  needed  to  develop 
a  better  understanding  ol  variables  such  as  oxygen  content,  nutrient  requirements,  soil 
moisture,  contaminant  levels  (both  high  end  for  possible  toxic  effects  and  low  end  for 
treatment  limits)  and  soil  types. 

(2)  Further  studies  of  gas  transport  in  the  vadose  zone  are  needed  to  allow  adequate 
design  of  air  delivery  system. 

(3)  Investigation  of  nutrient  and  moisture  delivery  systems,  including  possible  gaseous 
nutrient  injection  [i.e.,  ammonia  (NH,)j,  means  of  engineering  moisture  addition  in 
deeper  stratified  formations,  and  nutrient  formulations  to  allow  adequate  nutrient 
mobility  in  pore  water. 

(4)  Investigation  of  alternative  gas  injection  and  withdrawal  systems  to  optimize 
biodegradation  and  minimize  volatilization,  thereby  avoiding  problems  associated  with 
hydrocarbons  in  the  soil  gas.  Alternatives  include  reducing  gas  flow  rates  to  those 
necessary  to  maintain  aerobic  conditions  and  minimize  hydrocarbon  in  the  offgas,  and 
configuring  vents  to  allow  injection  of  gas  in  the  contaminated  zone  and  extraction 
of  gas  from  a  more  remote  uncontaminated  location  thereby  allowing  biodegradation 
of  hydrocarbons  in  the  vapors  and  eliminating  offgas  treatment. 

8.  Additional  Observations  by  ORNL  Staff 

Data  on  gas  extraction,  oxygen  depletion,  and  carbon  dioxide  production  through  15  April 
1989  are  included  in  Appendix  D  and  Figure  94.  These  data  indicate  that  the  estimated 
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biodegradation  continued  to  be  about  18  percent.  The  estimates  of  hydrocarbon  degradation  from 
the  oxygen  depletion  and  carbon  dioxide  production  are  certainly  comparable,  and  even  in  reasonable 
agreement,  considering  the  various  other  uncontrolled  and  unmeasured  phenomena  that  may  be 
affecting  the  oxygen  and  carbon  dioxide  data. 

F.  SOIL  MOISTURE 

The  moisture  content  of  soil  has  a  large  impact  on  the  air  permeability  of  the  soil  (sec  Volume 
n).  Soil  moisture  content  may  also  affect  biodegradation  rates  and  partitioning  of  hydrocarbons 
between  phases.  Soil  venting  may  reduce  the  moisture  content  of  the  soil,  as  drier  atmospheric  air 
is  pulled  through  the  soil.  The  humidity  measurements  of  the  extracted  soil  gas  remained  within  the 
90  to  100  percent  relative  humidity  range  throughout  the  demonstration;  thus,  there  was  potential 
for  drying  of  the  soils,  especially  near  the  surface.  Neutron  absorption  measurements  were  made  to 
investigate  the  changing  moisture  profiles  during  the  venting  operations. 

As  detailed  in  Section  V.B,  three  neutron  access  tubes  (NATs)  were  installed  at  the  site  and 
were  logged  prior  to,  during  (four  times),  and  following  the  venting  operation  to  assess  changes  in 
soil  moisture  caused  by  the  venting  operation.  The  tubes  were  installed  at  the  following  locations 
to  assess  the  effect  of  the  surface  barrier 

NAl:  Vented  area,  no  surface  barrier 

NA2:  Vented  area,  covered  by  surface  barrier 

NA3:  Outside  main  zone  of  venting  (i.  c.,  control  tube) 


Figure  94.  Comparison  of  Hydrocarbon  Removal  by  Biodegradation  and  Volatilization. 


162 


Logging  data  from  the  three  tubes  are  tabulated  in  Appendix  E.  Moisture  levels  ranged  from 
0.2  percent  (at  the  surface  of  NAl  in  August  1989)  to  a  maximum  recorded  value  of  60.4  percent 
(NA2  Jan  1989).  The  latter  apparently  is  an  anomaly,  possibly  caused  by  a  neutron-absorbing 
material  near  the  surface  (such  as  oil)  which  would  yield  an  erroneously  high  reading. 

The  June  1989  logging  results  are  shown  for  each  NAT  in  Figures  95  through  97.  In  many 
respects  these  data  are  representative  of  the  entire  set  of  measurements.  Moisture  levels  throughout 
most  of  each  NAT  are  8  to  11  percent,  with  discrete  zones  of  moisture  present  apparently  at 
near-saturation  values.  Elevated  moisture  levels  are  seen  at  depths  of  12,  25,  and  31  feet  (3.7,  7.6, 
and  9.4  meters)  BLS  in  NAl;  at  10  and  23  feet  (3.0  and  7.0  meters),  and  throughout  the  39  to  45 
foot  (1 1.9  to  13.7  meters)  interval  in  NA2;  and  at  24,  32,  and  39  to  40  feet  (7.3,  9.8,  and  11.9  to  12.2 
meters)  in  NA3.  The  zones  of  high  water  content  do  not  coincide  in  the  three  tubes,  reflecting 
discontinuities  in  the  clay  layers  as  was  observed  in  the  borehole  logs. 

The  log  of  NA2  may  be  compared  to  the  moisture  analyses  of  vent  borings  V9  and  VIO  which 
are  located  within  10  feet  of  NAl.  The  NAT  readings  are  generally  4  to  8  percent  higher  than  the 
moisture  analyses  (although  the  V9  and  VIO  borings  may  not  be  exactly  representative  of  the  NAl 
borehole).  More  importantly,  however,  the  comparison  suggests  that  relative  variations  in  NAT  log 
readings  accurately  reflect  changes  in  soil  moisture  with  depth. 

The  pattern  of  soil  moisture  at  the  venting  site  is  illustrated  in  Figure  98  which  shows  the  profile 
of  moisture  in  NAl  at  four  times:  prior  to  venting  (16  September  1988),  during  the  initial  stage  of 
venting  (12  January  1989),  about  midpoint  in  the  venting  process  (8  June  1989),  and  following 
termination  of  venting  (12  October  1989).  Moisture  profiles  for  the  four  dates  are  virtually 
indistinguishable  below  a  depth  of  10  feet  (3.0  meters)  in  all  of  the  NATs.  Clearly  the  venting 
process  had  no  discernabie  effect  on  soil  moisture  beiow  the  10-foot  depth.  In  the  upper  10  feet  a 
similar  pattern  was  seen  in  ail  3  NATs:  (1)  soil  moisture  increased  between  September  1988  and 
January  1989;  (2)  declined  in  the  upper  2  feet  (0.6  meters)  between  January  1989  and  June  1989  but 
remained  nearly  constant  below  2  feet  during  that  period;  and  (3)  declined  to  near-zero  in  the  upper 
foot  of  soil,  and  to  reduced  levels  within  the  upper  10  feet,  by  October  1989.  Because  this  pattern 
appeared  in  all  3  NATs,  it  appears  to  be  unrelated  either  to  venting  or  to  the  presence  or  absence 
of  the  vapor  barrier,  and  was  probably  caused  by  recharge  of  soil  water  from  rainfall  and  snowmelt 
during  late  winter  and  early  spring,  followed  by  desiccation  of  the  upper  soil  zone  by  heat  and  low 
humidity  during  the  summer.  The  October  1989  data  indicate  that  soil  moisture  loss  may  extend 
deeper  in  NAl  and  NA2  than  in  NA3,  suggesting  that  venting  may  have  contributed  to  water  loss 
from  the  upper  soil  zone,  but  the  difference  [8  feet  versus  5  feet  (2.4  versus  1.5  meters)]  is  too  small 
to  draw  a  definite  conclusion. 

G.  FLOW  TESTS  AND  MODELING 

As  noted  in  Volume  I,  the  amount  and  geometry  of  gas  flow  relative  to  contamination  are  the 
two  most  important  factors  in  the  effectiveness  of  in  situ  soil  venting.  The  simulations  presented  in 
Appendix  K  (unpublished  -  available  from  ORNL  and  AFESC)  and  in  Volume  II  illustrated  that  the 
configuration  of  operating  vents  may  have  a  large  effect  on  the  distribution  of  air  flow  in  the  soil; 
thus,  an  understanding  of  the  flow  pattents  induced  by  various  vent  configurations  will  be  valuable 
in  optimizing  system  design  and  operation.  In  an  effort  to  advance  the  understanding  of  this  subject, 
a  series  of  flow  tests  was  conducted  to  collect  field  air  flow  data.  The  results  will  be  useful  both  for 
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Figure  95.  Dcnth  Profile  of  .Moisture  Content  in  Neutron  Access  Tube  (NA  1)  Installed  in 
Vented  Area  Without  Surface  Cover,  June  1989. 


Figure  96.  Depth  Profile  of  Moisture  Content  in  Neutron  Access  Tube  (N,A2)  Installed  in 
Vented  Area  With  Surface  Cover.  June  1989. 
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an;ilysis  of  How  patterns  achieved  with  different  operating  strategies  and  for  verification  of  flow 
models  which  may  be  used  in  further  study  and  design. 

This  .section  describes  the  flow  tests  and  presents  selected  results.  Additionally,  a  flow  modelling 
study  is  presented  in  Appendix  K  (unpublished  -  available  from  ORNl  and  AFESC),  which  includes 
development  of  an  analytic  flow  model  and  compares  simulations  by  the  analytic  model  and  the 
FE.VIAIR  numerical  model  with  single  vent  flow  test  results. 

1.  Flow  Test  Description 

A  total  of  40  vent  configuration  tests  were  conducted  during  the  full-scale  demonstration. 
Thc.se  tests  consisted  of  setting  the  extraction  and  passive  inlet  rates  for  a  given  set  of  vertical  or 
lateral  vents,  allowing  the  system  to  reach  steady-state  (as  evidenced  by  unchanging  pressure  readings 
in  the  soil),  and  measuring  the  induced  vacuum  at  each  pressure  monitoring  point  and  vent. 

The  test  conditions  for  each  of  the  tests  are  given  in  Table  1  of  Appendix  F,  which  lists  the 
extraction  and  injection  flows  at  each  vent.  Vent  tests  in  the  vertical  vent  system  (with  extraction 
only)  included  single  vent  tests  inside  and  outside  the  area  of  the  surface  barrier,  multiple  vent  tests 
with  a  linear  well  configuration,  and  grid  configurations  inside  and  outside  the  area  of  the  surface 
barrier.  Tests  with  inlet  vents  were  conducted  for  a  single  vent,  two  vents,  and  one  grid.  Vent  tests 
in  the  lateral  vent  system  include  a  single  extraction  vent,  a  single  extraction  vent  with  two  inlet  vents, 
and  three  extraeJon  vents  with  and  without  three  inlet  vents. 

TTiesc  tests  provide  a  large  data  base  of  flow  measurements  in  field  conditions  at  a  well- 
characterized  site. 

2.  Flow  Test  Results 

The  results  of  each  of  the  flow  tests  are  listed  in  Table  2  of  Appendix  F.  The  information 
included  are  the  coordinates  (N-S.  E-W,  and  depth)  of  all  vents  and  pressure  monitoring  points  and 
the  steady-state  vacuum  for  each  point  in  the  tests.  The  set  of  results  provide  a  suitable  basis  for 
detailed  study  of  many  aspects  of  single  and  multiple  vertical  vent  operation  such  as:  with  and 
without  a  surface  barrier,  with  and  without  passive  inlet  vents,  and  single  and  multiple  lateral  vent 
operation  with  and  without  passive  inlet  vents. 

The  results  discussed  in  the  paragraphs  below  depict  gross  flow  behavior  of  multiple  vertical 
vents.  Appendix  K  (unpublished  -  available  from  ORNL  and  AFESC)  describes  in  detail  a  modeling 
study  of  single  vertical  vent  operation.  A  detailed  study  of  the  multiple  vertical  vent  or  lateral  vent 
data  was  not  completed  within  this  effort. 

Figures  99-102  present  isobars  (vacuum  levels  measured  in  inches  of  water)  calculated  by 
contouring  pressure  data  of  four  selected  How  tests.  Only  pressure  measurements  taken  at  the  vents 
were  used  in  preparation  of  these  plots.  Since  the  vents  have  a  long  screened  section  [40  feel  (12.2 
meters)],  the  contours  provide  a  depiction  of  the  depth-averaged  pressure. 

Figures  99  and  100  show  the  pressure  distribution  for  single  vents  without  and  with  a  surface 
barrier,  respectively.  Figure  99  presents  steady-state  vacuum  levels  induced  at  the  vents  for  extraction 


of  1 10  scfm  1 0.052  standard  m^/second)  from  Vent  7  and  Figure  10(0  presents  results  during  extraction 
of  62  scfm  (0.029  standard  m^/second)  from  Vent  10.  Although  the  plots  are  similar,  it  may  be  noted 
that  greater  vacuum  was  nece.ssary  to  induce  less  flow  in  the  barrier  case.  Relatively  large  zones  of 
influence  based  on  pressure  are  noted  in  both  cases. 

Figures  101  and  102  show  pressure  results  for  multiple  vent  operations.  Figure  101  shows 
the  results  for  extraction  of  a  total  of  .145  scfm  (0.16  standard  m^/second)  from  Vents  7  and  9  and 
Figure  102  shows  results  obtained  during  extraction  of  a  total  of  .170  scfm  (0.17  standard  m  Vsecond) 
from  Vents  6,  8,  and  10  (159  scfm  from  Vent  6,  108  scfm  from  Vent  8,  and  103  scfm  from  Vent  10). 
The  contours  show  that,  at  a  distance,  the  effects  are  similar  in  the  2-  and  3-vent  operations; 
however,  near  the  vents  the  pressure  distribution  and  flow  differ.  Again,  less  vacuum  (and,  thus,  less 
Dlower  power)  is  necessary  for  the  same  flow  but  with  more  operating  vents. 

A  point  of  concern  are  the  midpoints  between  operating  vents.  Although  the  midpoint 
vacuum  levels  are  relatively  high  in  these  areas,  they  are  located  in  zones  of  relatively  low  flow,  since 
air  flow  is  directed  normal  to  isobars.  Thus,  it  is  expected  that  in  test  22  (Figure  102)  the  area  near 
Vent  11  is  being  treated  at  a  faster  rate  than  the  area  near  Vent  9.  even  though  the  vacuum  levels 
at  the  two  vents  are  4.4  inches  of  water  (1100  Pascals)  and  6.95  inches  of  water  (1730  Pascals), 
respectively. 

The  complete  data  set  provides  measurements  of  pre.ssure  at  different  depths  and  positions, 
and  could  be  used  for  comparison  of  pressure  distributions  as  well.  For  instance,  the  pressure  results 
of  similar  tests  within  and  outside  the  surface  barrier  (such  as  flow  tests  24  and  26)  show  greater 
vertical  pressure  variation  and  thus  a  greater  vertical  flow  component  in  cases  with  no  barrier. 

3.  Air  Flow  Modeling 

Preliminary  modeling  suggested  that,  without  a  surface  barrier,  much  of  the  flow  would  be 
from  the  surface  immediately  surrounding  the  extraction  vent  to  the  vent  screen,  with  little  horizontal 
flow  through  the  contaminated  soil.  Additionally,  stagnant  zones  were  predicted  for  multiple-vent 
operations.  The  purpose  of  the  modeling  effort  described  here  was  to  compare  model  predictions 
for  ca.ses  with  and  without  a  surface  barrier  with  the  data  collected  at  Hill  AFB,  to  determine  the 
effectiveness  of  the  surface  barrier  and  the  models'  ability  to  predict  the  measured  vacuum.  Because 
of  time  and  budget  constraints,  only  two  of  the  flow  tests  were  modeled.  Both  were  steady-state, 
single-vent  extraction  runs,  one  with  an  impermeable  ground  cover  surrounding  the  extraction  vent, 
the  other  without  any  surface  cover. 

Two  types  of  models  were  used:  an  analytic  solution  ba.scd  on  the  Method  of  Images,  and 
the  finite  element  program  FEMAIR.  These  models,  the  assumptions  implicit  in  their  use.  and  the 
model  predictions  are  discussed  in  Appendix  K  (unpublished  -  available  from  ORNL  and  AFESC). 
The  conclusions  of  the  modeling  work  are  discussed  briefly  below. 

With  all  other  conditions  held  constant,  the  analytic  solution  and  the  numerical  model  both 
predicted  a  greater  vacuum  in  the  soil  when  the  surface  is  covered.  This  is  not  surprising,  without 
a  surface  cover  one  would  expect  air  to  be  drawn  vertically  from  the  surface  in  the  vicinity  of  the  vent 
with  little  horizontal  flow.  However,  the  data  from  the  flow  tests  with  and  without  a  surface  barrier 
is  nearly  the  same,  generally  falling  between  the  model  predictions  for  covered  and  uncovered  ca.ses. 


One  possible  explanation  is  that  water  in  the  near-surface  sediments  reduced  the  relative 
permeability,  creating  a  semi-confining  layer.  There  is  some  evidence  for  this  in  the  in  situ  moisture 
measurements.  It  is  interesting  to  note  that  the  pressure  data  for  deeper  monitoring  points  agreed 
better  with  the  confined  model  predictions  than  did  the  data  for  shallower  points.  Thin  clay  layers 
were  encountered  in  many  of  the  boreholes  during  site  characterization;  the  cumulative  effect  of 
these  layers  may  be  a  decrease  in  average  vertical  air  permeability  with  increasing  depth. 

In  conclusion,  presence  or  absence  of  a  surface  cover  seems  to  have  had  little  effect  on  the 
air  flow  at  the  Hill  AFB  site  for  single-vent  operation.  The  effect  of  the  surface  cover  during 
multiple  vent  operation  was  not  investigated  by  flow  modeling.  The  data  from  the  two  tests  studied 
suggest  that  the  flow  is  at  least  partially  confined  via  natural  phenomena.  The  source  of  this  natural 
reduction  in  vertical  permeability  may  be  related  to  surface  moisture  and  thin  clay  layering.  Further 
modeling,  comparisons  with  other  test  data,  and  additional  Geld  woric  (such  as  measurements  of 
permeability  as  a  function  of  depth)  would  be  required  to  conGim  this  hypothesis. 

H.  ENHANCEMENT  OF  REMOVAL  BY  HEATING 

1.  Concept 

Generally  accepted  qualitative  limits  for  applicability  of  soil  venting  are  coritaminants  having 
a  vapor  pressure  of  greater  than  0.5  mm  Hg  (66  Pascals)  and  a  soil  air  permeability  of  greater  than 
10  '“  cm*  (see  Volume  1).  However,  since  these  limits  are  based  upon  the  rate  of  removal  of 
contaminants,  the  above  limits  may  be  extended,  and  applicadons  well  within  the  limits  hastened,  if 
removal  rates  may  be  increased  by  either  shifting  equilibrium  conditions  to  higher  contaminant  vapor 
concentrations  or  by  accelerating  transport  rate  processes. 

One  potential  means  for  enhancing  removal  rates  is  elevation  of  soil  temperature.  Johnson 
and  Sterrett  (Reference  20)  noted  increased  removal  rates  of  1,3-dichloropropane  in  Geld  conditions 
with  higher  ambient  temperatures.  Higher  temperature  will  affect  equilibrium  conditions  by 
increasing  contaminant  vapor  pressures  and  Henry’s  Law  coefficients  and  by  generally  causing 
desorption  of  contaminants  from  the  soil.  Diffusive/convective  transport  may  also  be  somewhat 
affected  by  an  increase  in  diffusivity  and  by  changes  in  air  permeability  (mainly  due  to  changes  in  soil 
moisture  content). 

Of  these  effects,  it  is  expected  that  the  variation  of  vapor  pressure  will  provide  the  largest 
contribution  to  enhancement  by  heating.  Table  18  shows  the  profound  effect  of  temperature  on  the 
vapor  pressure  of  some  selected  compounds,  as  predicted  by  the  Antoine  equation  (Reference  18). 

This  vapor  pressure  effect  could  be  used  to  accelerate  the  timetable  of  cleanup,  as  shown  in 
Figure  103.  The  curves  in  this  figure,  displaying  the  fractional  amount  of  contaminant  remaining  as 
a  function  of  cumulative  air  contacted  per  mass  of  initial  contaminant  present,  were  derived  from  a 
Raoult’s  Law  equilibrium  model  for  removal  of  JP-4  jet  fuel  at  soil  temperatures  of  50,  75,  and  100®F 
(10,  24,  and  38  “C).  For  an  ideal  case  of  homogeneous  air/contaminant  contact  and  equilibrium 
conditions,  80  percent  removal  of  JP-4  would  be  achieved  through  contact  of  approximately  50 
standard  liters  of  air  per  gram  of  JP-4  at  a  soil  temperature  of  100“F,  while  approximately  430  liters 
of  air  per  gram  of  JP-4  is  necessary  for  the  same  removal  at  50°F. 
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Figure  103.  Equilibrium  Removal  Curves  for  JP-4  Standard  Showing  the  Effect  of  Temperature. 


Table  la  VARIATION  OF  VAPOR  PRESSURE  (IN  MILLIMETERS  OF  MERCURY)  WITH 
TEMPERATURE  FOR  SELECTED  FUEL  COMPONENTS 
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Therefore,  the  cleanup  using  heat  enhancement  could  be  perfonned  in  10  percent  of  the  time  of  the 
non-heated  case.  Alternatively,  greater  than  99  percent  removal  could  be  reached  at  100*F  in  the 
same  time  ncccssaiy  for  80  percent  removal  at  50“F. 

Due  to  the  potential  enhancement  of  extraction  rates  with  increased  temperature,  several 
authors  have  suggested  means  for  raising  soil  temperatures.  Anastos  et  aL  (Reference  5)  abandoned 
plans  to  heat  inlet  air  by  electrical  means  due  to  the  energy  requirements  for  appreciable 
enhancements.  Johnson  et  aL  (Reference  17)  suggested  ladio  frequency  and  conduction  heating  or 


171 


injection  of  exhaust  from  combustion  units.  Steam  injection  has  also  been  mentioned  for  heating  the 
soil,  both  in  soil  venting  and  in  an  agitated  soil  air  stripping  technique  (Reference  30).  It  should  be 
noted  that  steam  injection  may  be  less  attractive  due  to  the  detrimental  effect  of  moisture  in  reducing 
air  permeability  and  the  possibility  of  dissolution  and  contaminant  transport.  However,  for  very  dry 
soil,  moisture  may  enhance  desorption  of  chemicals  from  the  soil  particles. 

Obstacles  to  overcome  in  implementing  a  heat  enhancement  strategy  include  supplying  the 
vast  quantity  of  energy  necessary  to  heat  the  soils  containing  the  contaminants  to  the  elevated 
temperature  and  developing  methods  for  delivering  the  heat  evenly  and  inexpensively.  As  an 
illustration  of  the  magnitude  of  the  heating  load  required,  consider  soil  having  a  dry  density  of  100 
pound/ft^  (1600  kg/m^  and  heat  capacity  of  0.2  BTU/pound“F  (837  J/kg°C).  The  temperature  of  a 
cubic  foot  (0.028  m^)  of  dry  soil  would  rise  1®F  (0.56  ®Q  with  a  heat  input  of  20  BTU  (21,100  J). 
If  the  soil  contained  5%  moisture  by  weight,  the  same  soil  volume  would  require  25  BTU  (26,400  J) 
for  the  same  temperature  rise.  One  standard  cubic  foot  (0.028  standard  m^)  of  air  cooling  from 
1000®F  to  68®F  (538°C  to  20®C)  suppUes  la?  BTU  (19,700  J),  whereas  1  pound  (0.454  kg)  of  steam 
condensing  at  212®  (iOO°C)  and  cooling  to  68*F  (20®C)  supplies  1115  BTU  (1.18  x  10*  J).  For  the 
Hill  AFB  site,  a  contaminated  soil  volume  of  approximately  720,000  ft^  (20,400  m^)  required 
treatment  Thus,  assuming  adiabatic  conditions, 

(25  -iS2L\  720,000  (25®n  =  4S0  X  10‘  BTU  =  4.74  JC  10*  J  [20] 

\  fC^  “Fj 

would  be  necessary  to  raise  the  entire  soil  volume  25®F  (13.9“C).  If  this  were  supplied  by  air  cooling 
from  1000®F,  as  described  above. 


=  24  X  10*  3td  =  6 .82  X  10®  3td  m®  [21] 

18.7  3TU/ft^ 

air  volume  is  required,  which,  at  a  1000  scfm  (0.47  standard  m^/second)  injection  rate  corresponds  to 
16.7  days.  Steam  injection  as  described  above  would  entail 


450  X  10*  BTU 
1115  BTU/ lb  Steam 


400,000  lb 


181,000  kg 


[22] 


of  steam  to  raise  the  soil  temperature  25  ®F  (13.9°C).  In  the  process,  the  average  soil  moisture 
content  would  increase  from  5  percent  to  5J  percent  However,  local  moisture  levels,  particularly 
in  the  vicinity  of  injection  points  could  be  much  higher,  possibly  significantly  decreasing  air 
permeability.  (The  effect  of  permeability  on  injection  flow  may  be  insignificant,  however,  due  to  the 
steam  pressures  achievable  to  drive  flow.)  Also,  the  additional  400,000  pounds  (181,000  kg)  of  water 
would  be  available  for  dissolution  of  hydrocarbons  and  ptossibie  transport  by  percolation  to  the 
saturated  zone. 

The  above  rough  calculations  neglect  heat  losses,  which  may  be  quite  substantial.  Although 
considerable  energy  demands  are  made,  the  increased  removal  rate  may  make  heating  of  the  soil  an 
economical  addition  to  venting  systems  in  many  cases.  In  order  to  invKtigate  this  concept,  a  test  of 
heat  injection  was  devised  and  conducted  during  the  full-scale  demonstration.  Tie  heat  source  for 


this  study  was  chosen  to  be  the  stack  gas  of  the  Oxed-bed  catalytic  oxidation  emissions  control  unit, 
from  which  heat  was  normally  wasted  to  the  atmosphere. 

2.  Description  of  Test 

The  system  was  constructed  as  shown  in  Figure  104.  A  tec  was  installed  on  the  stack  of  the 
Qxed-bed  catalytic  oxidizer,  allowing  the  diversion  of  some  of  the  stack  gas  to  injection  vents. 

Carbon  steel  tubing  of  5-incfa  (lZ7-cm)  nominal  size  was  nm  approximately  350  feet  (107 
meten)  to  Vent  10,  and  an  additional  75  feet  (^9  meters)  to  Vent  6.  The  tubing  was  covered  with 
1  inch  (2-54  cm)  of  high  temperature  Qberglass  insulation  protected  liy  aluminum  sheet  These  vents 
were  constructed  completely  of  4-inch  (10.2-cm)  stainless  steel  well  screen  and  riser  pipe,  since  the 
PVC  was  rated  to  withstand  temperatures  only  up  to  140*F  (60®C)  in  the  presence  of  JP-4.  Blanks 
were  used  at  Ganges  at  the  well  heads  to  isolate  the  wells  from  the  heat  injection  line.  No  blower 
was  installed  in  the  heated  gas  line;  rather,  the  test  was  designed  to  allow  vacuum  induced  in  the  soil 
to  pull  the  heated  gas  into  the  well 
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Egurc  104.  Schematic  of  Heat  Injection  Test  System. 
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Thermocoupies  were  insialled  in  the  well  heads  of  Vents  9,  10,  and  1 1  and  in  the  soil  in  the 
positions  shown  in  Figure  105.  The  thermocouples  were  placed  in  hand-augered  holes  at  depths 
ranging  from  10.9  to  1.1.5  feet  (.1..1  to  4.1  meters).  Since  this  depth  is  near  the  top  of  the  screened 
interval  of  the  wells,  the  temperatures  are  likely  to  be  less  influenced  than  in  the  center  of  the 
affected  zone. 

Temperatures  and  concentrations  were  read  periodically  from  the  thermocouples  and  THA 
as  well  as  continuously  recorded  on  a  chart  recorder  and  data  logger.  Samples  of  the  extracted  gas 
were  taken  periodically  on  sorbent  for  later  GC  analysis  of  the  extracted  gas.  The  effects  of  elevated 
temperatures  upon  bioactivity,  which  had  proven  to  be  significant  in  the  earlier  portion  of  the 
demonstration,  could  not  be  measured  due  to  the  high  CO,  concentration  in  the  inlet  gas. 

Heat  injection  was  begun  on  16  August  1989  and  continued  to  7  October  1989  with  a  total 
extraction  rate  of  650  scfm  (0.307  standard  m^/second)  and  measured  flows  of  410  scfm  (0.193 
standard  m^/second)  from  the  Vent  9  and  240  scfm  (0.1 13  standard  m^/second)  from  Vent  1 1.  In  this 
configuration,  a  vacuum  of  48  inches  of  water  (11900  Pascals)  was  induced  under  static  conditions 
at  the  inlet  vent.  Opening  Vent  10  to  the  heat  injection  'ine  induced  an  injection  flow  rate  of  93 
scfm  (O.CkM  standard  m^/second)  at  i.7  inches  of  water  (423  Pascals)  vacuum.  Vent  6  remained  closed 
throughout  the  test. 

3.  Results 

Operationally,  the  heat  injection  system  ran  quite  well.  However,  due  to  neat  losses  in  the 
piping,  the  inlet  gas  temperature  was  decreased  from  over  600*  F  (316®  C)  at  the  oxidizer  stack  to 
between  200  and  215*  F  (93  and  102*  C)  at  the  inlet  vent.  Water  uptake  in  the  extraction  piping  was 
also  noted  to  be  increased  during  the  test  in  comparison  to  earlier  operation,  due  to  a  combination 
of  greater  vacuum  levels  at  the  extraction  vents  (approximately  60  inches  of  water  (14900  Pascals)) 
and  to  moisture  content  of  the  heated  input  air.  No  major  changes  in  the  flow  rates  or  vacuum 
required  were  noted  despite  the  increased  moisture. 

The  results  of  temperature  measurements  from  each  of  the  thermocouples  are  presented 
graphically  in  Figure  106  as  a  function  of  time  of  the  test.  Tne  temperature  at  each  of  the  points  in 
the  soil  appears  to  have  reached  steady  state  during  the  test.  ITiermocoupies  farther  from  the 
injection  vent  reached  steady  state  slower  than  those  closer  to  the  injection  vent,  and  reached  a  lower 
steady  state  temperature.  This  may  be  seen  most  clearly  by  comparison  of  temperatures  at 
thermocouples  2,  3,  and  4,  which  were  placed  1/4,  1/2,  and  3/4  of  the  distance  along  the  line  from  the 
inlet  vent  to  the  west  extraction  vent.  Thermocouple  2  reached  a  steady-state  temperature  of  98  to 
100°F  (36.7  to  37.8*  C)  in  about  15  days.  Thermocouple  3  reached  steady  state  temperature  of 
approximately  91  *F  (32.8°  C)  in  about  23  days  and  Thermocouple  4  reached  a  steady  state 
temperature  of  about  88* F  (3l.l°C)  in  .30  days.  The  progression  of  the  temperature  profile  is  also 
shown  in  the  three  frames  of  Figure  107,  displaying  the  temperature  (in  *F)  at  the  thermocouple 
positions  at  the  start  of  the  test,  after  1.3  days,  and  after  .36  days.  It  should  be  noted  that  all  points 
except  those  corresponding  to  the  vents  indicate  soil  temperature,  whereas  the  vent  points  (those 
points  labeled  with  temperature  values  of  207*  F  at  the  inlet  and  73°  F  at  the  west  extraction  vent  in 
the  bottom  frame)  indicate  gas  temperature. 
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Figure  105.  Positions  of  Thermocoupies  for  Heat  Injection  TesL 
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Figure  106.  Variation  of  Soil  Temperature  Measurements  During  Heat  Injection  Test. 
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Figure  107.  Areai  Distribution  of  Temperatures  at  Three  Times  During  Heat  injection  Test  - 
16  August  1989.  29  August  1989.  and  21  September  1989. 
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Hydrocarbon  concentrations  in  the  extracted  gas  are  displayed  ia  Figure  108  as  ppm  hexane 
equivalent  total  hydrocarbons  as  a  function  of  cumulative  standard  cubic  meters  (and  standard  cubic 
feet)  of  gas  extracted  during  the  entire  demonstration.  The  heat  injection  test  commenced  at  the  127 
X  10*  ft^  (3.60  X  10*  m^)  mark.  The  upper  points  are  from  THA  measurements,  whereas  the  lower 
points  were  calculated  from  GC  samples  taken  from  e^  extraction  vent.  The  GC  results  remained 
lower  than  THA  results.  The  two  sets  of  results  display  a  common  trait  in  the  general  sliape  of  the 
curves.  Each  showed  a  consistent  decrease  in  concentration  until  the  155  to  160  million  cubic  feet 
(4.39  to  4.53  million  cubic  meter)  range.  At  this  point  (approximately  12  September  through  15 
September,  or  27  to  30  days  into  the  test),  roughly  the  point  at  which  the  farthest  soil  thermocouples 
reached  steady  state  temperatures,  the  concentration  in  the  extracted  gas  is  seen  to  markedly 
increase.  This  concentration  increase  qualitatively  correlates  with  the  temperature  front  approaching 
he  extraction  vent.  The  nearly  constant  measurement  of  concentration  by  the  THA  from  157  to  167 
million  standard  cubic  feet  (4.45  to  4.73  million  cubic  meters)  is  postulated  to  be  due  to  a  balance 
of  two  factors,  one  being  higher  gas  concentration  because  of  increased  temperature  and  the  other 
being  decreased  gas  concentration  due  to  decreasing  soil  contaminant  concentration  and  change  in 
composition  to  a  heavier  hydrocarbon  mixture. 

An  estimate  of  the  removal  enhancement  by  heat  injection  can  be  made  by  analysis  of  the 
data  as  shown  in  Figure  109.  In  this  analysis,  the  THA  data  is  used  because  of  a  greater  number  of 
points  and  lesc  scatter.  The  12  data  points  from  127  x  10*  to  154  x  10*  ft^  (3.60  x  10*  to  4.36  x  10* 
m^)  were  fitted  with  a  straight  line  which  appears  to  be  valid  over  this  limited  range.  This  !  e  is 
extrapolated  to  estimate  the  non-heating  volatilization.  Another  line  was  regressed  to  the  four  points 
from  157  x  le  to  167  x  10*  ft^  (4.45  x  1(?  to  4.73  x  10*  nr*).  The  integrated  difference  between  these 
two  lines,  as  shown  by  the  shaded  area  in  Figure  109,  is  the  calculated  removal  enhancement  due  to 
heating.  From  4.45  x  10*  to  4.73  x  10*  m*,  540  pounds  (245  kg)  is  the  quantity  ihat  would  be 
expected  to  be  removed  in  the  absence  of  heating  by  extrapolation  of  the  straight  line  trend.  The 
upper  line  indicates  that  approximately  920  pounds  (417  kg)  were  removed  during  the  period.  The 
difference  is  380  pounds  (172  kg),  or  an  increase  of  W7o.  The  removal  increase  over  the  entire 
period  of  the  test,  from  127  x  10*  to  167  x  10*  ft*  (3.60  x  10*  to  4.73  x  10*  m*)  extracted  is  8  9%,  4690 
pounds  (2127  kg)  actual  and  4310  pounds  (1955  kg)  expected  without  heating.  It  is  obvious  that  this 
ratio  would  increase  with  further  operation.  Only  limited  soil  sampling  was  performed  in  the  soil 
zone  of  the  heat  injection  test  after  the  demonstration,  so  little  can  be  inferred  as  to  the  transport 
of  contaminant  with  the  temperature  profile. 

4.  Discussioa 

The  resul's  of  this  test  of  enhancement  of  removal  with  soil  heating  must  be  treated  with  care 
in  predicting  the  effectiveness  of  the  technique  in  other  site  applications.  TTic  most  obviou.s  measures 
of  performance  in  this  test  are  the  8.9%  and  the  70%  values  obtained  above.  Hovyever,  these  values 
are  artifacts  of  the  length  of  the  test  -  for  instance,  if  the  test  were  only  operated  for  a  period  durii.g 
which  the  heat  front  had  not  reached  the  extraction  vents,  the  enhancement  value  would  have  been 
0%.  Likewise,  if  (he  test  had  been  conducted  for  a  longer  period,  a  value  of  much  greater  than  8.9% 
would  have  been  obtained,  peruaps  on  the  order  of  the  70%  enhancement  measured  in  the  period 
after  the  development  of  the  steacly-state  temperature  profile. 
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Figure  IGS.  Hydrocarbon  Levels  in  Extracted  Gas  During  Heat  Injection  Test.  (□ 
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Fgurc  109.  Calculation  of  Removal  Enhancement  by  Heating. 


-Another  test  condition  which  had  a  significant  effect  upon  the  measured  removal 
enhancement  was  the  ratio  of  the  inlet  air  rate  to  the  extraction  rate.  Hydrocarbons  were  extracted 
from  soil  zones  which  were  not  contacted  with  the  heated  air  as  well  as  from  the  soil  zone  of  interest. 
Indeed,  since  the  inlet  air  amounted  to  a  small  fraction  of  the  extraction  flow  rate,  the  majority  of 
the  hydrocarbon  exiraction  could  be  assumed  to  be  relatively  unaffected  by  the  heated  air  flov/. 
Upper  bounds  on  the  achievable  enhancement  for  this  test  could  be  estimated  by  assuming 
homogeneous  contaminant  distribution  in  the  soil  and  negligible  heat  conduction.  With  ‘hese 
assumptions,  the  hydrocarbon  removal  may  be  split  proportionally  by  air  flow  ratios  into  two  porttons; 
that  affected  by  heating  and  that  unaffected  by  heating.  In  this  approach,  of  the  4310  pounds  (1955 
kg)  that  were  expected  to  have  been  removed  over  the  entire  test  period,  620  pounds  (281  kg,  as 
calculated  by  (4310  pounds  x  93  scfm  inlet  rate/650  scfm  extraction  rate)  would  have  been  emracted 
from  the  soil  zones  affected  by  the  heated  air.  Therefore,  3690  pounds  (43  iO  -  620  pounds)  would 
be  extracted  from  outside  the  heated  zone  regardless  of  whether  heat  w  as  applied  or  not.  Therefore, 
the  amount  extracted  from  the  heated  zone  during  the  test  was  1000  pounds  (4690  -3690  pounds), 
resulting  in  an  enhancement  factor  for  the  entire  course  of  the  test  to  be  61%.  Likewise, 
consideration  of  only  the  period  after  the  temperature  front  arrived  at  the  extraction  vents  results 
in  an  enhancement  factor  of  nearly  500%  (456  pounds  removed,  77  pounds  expected)  from  the 
heated  zone.  Thus,  if  a  temperature  rise  similar  to  that  achieved  during  this  test  could  have  been 
applied  over  the  entire  site  for  long-term  operation,  it  is  possible  that  the  cleanup  could  have  been 
significantly  accelerated.  Given  the  measured  temperatures  and  extraction  rates,  a  cleanup  period 
perhaps  as  short  as  one-sixth  the  time  required  for  unheated  soil  treatment  would  be  necessary  for 
a  well-designed  and  well-operated  heated  system. 

Despite  the  apparent  success  of  heating  enhancement  in  this  test,  the  results  do  not 
conclusively  prove  the  universal  value  of  heat  injection  for  optimization  of  venting  system  operation. 
This  IS  due  to  several  shortcomings  of  the  test  and  to  the  fact  that  the  results  of  this  test  may  not  be 
applicable  to  systems  with  different  characteristics.  The  shortcomings  of  this  test  entailed  limitations 
of  heat  input  to  the  soil  and  distribution  of  the  heat  in  the  soil.  Although  650  scfm  (0.307  standard 
metersVsecond)  of  gas  at  or  above  600  to  700”?  (316  to  37VC)  was  available  at  the  stack,  only  about 
95  scfm  (0.045  standard  .m^/secon'^  at  about  210'’ F  (99‘’C)  was  delivered  at  the  inier  vent,  due  to 
limited  vacuum  at  the  vent  and  heat  losses  in  the  350  feet  (107  meters)  of  piping.  With  the  limited 
heat  input,  only  a  modest  but  measurable  and  effective  soil  temperature  increase  was  induced. 
Certainly,  large  improvements  could  be  made  using  forced  injection  with  a  high  temperature  fan  and 
increased  insulation  and/or  a  shorter  piping  run.  More  important  in  uncertainty  for  extrapolation  is 
the  fact  that  the  heat  was  obviously  not  evenly  distributed  in  the  soil  because  of  the  flow  geometry. 

Upon  consideration  of  these  test  results,  one  could  conceive  of  test  designs  that  would  allow 
for  greater  heated  air  flow  more  uniformly  distributed.  Two  such  examples  are  shown  in  Figure  1 10. 
The  first  shows  a  ring  of  inlet  vents  (either  forced  or  passive)  surrounding  an  extraction  vent.  With 
a  large  number  of  inlet  vents  and  a  surface  barrier,  a  nearly  uniform  radial  flow  distribution  could  be 
achieved.  Tliis  design  is  attractive  in  that  a  balance  .inay  be  achieved  between  the  tendencies  for 
higher  temperatures  and  lower  flow  rates  in  outer  zones,  and  lower  temperatures  (due  to  conductive 
heat  losses)  but  higher  flow  rates  near  the  extraction  vent  The  other  design,  more  suitable  for  larger 
sites,  is  based  upon  an  attempt  to  develop  one-dimensional  linear  flow  between  lines  of  inlet  and 
extraction  vents.  The  flow  patterns  would  simplify  the  monitoring  of  progress  of  temperature  and 
concentration  fronts  and  would  be  much  more  amenable  to  modeling. 
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Figure  1 10.  Possible  Vcnl  Conllgurations  lor  Future  Heat  Injection  Tests. 
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Future  tests  should  also  address  the  impact  of  heated  air  injection  upon  bioactivi'y.  One  may 
be  amcemed  that  elevated  soil  temperatures  may  harm  bioot-ganisms  in  the  soil.  However,  two 
points  may  be  made  upon  consideration  of  the  results  Ot  this  test:  (1)  the  temperatures  achieved  in 
this  test  were  shown  to  have  the  potential  for  si"'' incant  increases  in  removal  rate  by  volatilization, 
while  they  were  certainly  not  in  the  range  of  harm  to  most  bioorganisms  except  in  the  direct  vicinity 
of  the  inlet  vent  (in  fact,  bioactivity  wiay  have  been  increased  in  much  of  the  heated  zone  due  to  the 
temperature  increase);  and  (2)  tc.npcraturcs  high  enough  to  adversely  affect  bioactivity  are  also  high 
enough  to  significantly  increase  the  vapor  pressures  of  contaminants  for  which  biodegradation  may 
be  the  major  means  oi  removal  in  an  unheated  case.  As  was  noted  earlier,  monitoring  of  bioactivity 
by  measurement  of  carbon  dioxide  generation  was  not  possible  during  this  test  because  of  the 
eievatwd  carbon  dioxide  levels  in  the  stack  gas.  One  possible  means  to  avoid  this  complication  would 
b<'  lo  transfer  the  stack  gas  heat  to  an  injection  stream  of  atmospheric  air  using  a  heat  exchanger. 

Despite  the  shortcomings  of  this  test,  some  rough  estimates  of  the  economics  of  heat 
injection  at  this  site  may  be  made.  In  these  estimates,  an  equilibrium  removal  model  was  used  to 
provide  an  estimate  of  approximately  1000  liters  of  air  per  gram  of  initial  spill  material  necessary  for 
80  percent  removal  by  volatilization  of  the  weathered  JP-4  at  55°F  (12.8“C),  or  2.85  x  lO’  scf  (8.07  x 
lO’  standard  m^)  of  air  would  be  required  (see  Volume  II).  Thus,  at  an  extraction  flow  rate  of 
1000  scfm  (0.47  standard  m^/second),  66  months  would  be  required  for  removal  by  volatilization  in 
the  absence  of  heat  injection.  It  is  with  this  base  case  that  the  heat  injection  cases  are  compared. 
Comparison  of  the  cases  would  include  operating  costs  and  any  additional  capital  cost  for  the  heat 
injection  system  components.  The  piping  and  stainless  steel  vents  for  this  demonstration  were 
estimated  to  cost  about  $40,000.  For  application  to  the  entire  site  possibly  all  five  central  vents  or 
the  vents  on  tlse  '.ringes  could  be  installed  as  Iteat  injection  vents.  It  would  be  preferable  to  use  the 
latter  strategy,  since  contaminants  will  be  driven  away  from  the  heat  inlet  points.  A  conservative 
estimate  of  additional  capital  cost  for  the  heat  injection  system  is  $50,000.  Operating  cost  rates  would 
be  common  to  each  case,  with  or  without  heat  injection,  with  a  blower  cost  of  $1 100/month.  An 
avera;;;';  catalytic  oxidation  cost  of  $1900/month  was  assumed. 

Four  cases  of  heat  injection  corresponding  to  ranges  of  removal  enhancement  deduced  from 
this  test  are  compared  with  the  base  case  as  shown  in  Table  19.  The  estimated  cost  of  remediation 
in  the  absence  of  heat  injection  is  $740,000  to  $1,000,000  (see  Section  VJ).  It  is  projected  that  a 
removal  enhancement  of  appioximatcly  33  percent  would  be  necessary  for  cost-recovery  of  the  heat 
injection  system.  The  first  case  assumes  that  the  approximately  9  percent  removal  enhancement 
obtained  during  this  test  would  be  applied  to  the  entire  site  for  the  complete  remediation.  At  this 
rate,  a  considerable  cost  is  projected  for  a  10  percent  faster  clean-up  time.  The  intermediate  value 
of  70  percent,  which  may  be  considered  a  reasonable  estimate  of  long-term  removal  enhancement, 
results  in  significant  savings  of  both  time  and  cost.  As  would  be  expected,  the  optimistic  removal 
enhancement  value  of  500  percent  would  yield  remarkable  savings. 

The  calculations  of  Table  19  show  that  heat  injection  would  be  likely  to  provide  savings  at 
the  Hill  AFB  site  if  reasonable  removal  enhancement  (greater  than  33  percent)  were  achieved.  The 
results  of  this  study  indicate  that  during  long-term  operation  in  venting  configurations  such  as  those 
discussed  above  this  would  certainly  be  achieved.  Savings  would  be  greater  if  the  site  were  less 
permeable  (increasing  blower  costs)  or  if  emissions  control  were  more  costly.  Certainly,  heat 
enhancement  would  be  much  less  attractive  if  emissions  control  were  not  required. 


Table  19.  ECONOMIC  COMPARISON  OF  HEAT  INJECTION  CASES 


removal  ENHANCEMENT 


0  Percent 

9  Percent 

Percent 

70  Percent 

500  Percent 

2.85  X  10"  ft’ 

2.61  X  10’  ft’ 

2.14  X  10’  ft’ 

1.68  X  10’  ft’ 

4.75  X  10*  ft’ 

66  months 

60.5  months 

49.6  months 

.38.8  months 

11  months 

0 

S50.000 

S50.000 

$50,000 

$50,000 

S3, 000/month 

S3.000/month 

$3,000/month 

S3,000/moritb 

S3,000/month 

$198,000 

S232.0CO 

$199,000 

$166,000 

$83,000 

SO 

-  S.34.000 

-  SLOOO 

$32,000 

$115,000 

Air  needed 


Time  at  lOOG 
scfm 


Additional 

capital 


Operating 
Cost  at  1000 
scfm 


Total 
operating 
&  additional 
capital 


Savings  due 
to 

heating 


5.  Conclusions  of  Heal  Injection  Test 

This  field  test  has  indicated  the  feasibility  of  the  enhancement  of  soil  venting  through  heating 
with  the  stack  gas  of  a  catalytic  oxidatiott  emissions  control  device.  Despite  the  shortcomings  of  the 
test,  a  measurable  enhancement  of  removal  due  to  heating  was  detected.  Results  suggest  that  a 
system  designed  with  a  uniform  flow  field  for  more  even  heating  could  remediate  a  site  several  times 
faster  than  an  unheated  case. 

In  general  the  concept  of  heat  injection  appears  attractive  when  waste  heat  is  readily 
available.  Heat  enhancement  will  become  more  economical  for  systems  with  higher  operating  costs, 
such  as  sites  with  soils  of  low  aii  per.meaNlity  or  costly  emissions  control.  Problems  of  poor  air  flow 
and  heat  distribution  may  extend  the  tirac  required  for  cleanup  and  decrease  the  economical 
advantage. 

Further  work  in  this  area,  using  improved  field  demonstration  systems  as  described  above  and 
complemented  with  heat  and  contaminant  transport  mcxieling,  is  urged.  Such  work  would  be  valuable 
to  further  illustrate  the  advantages  of  the  technique,  to  define  ranges  of  site  variables  for  which  the 
technique  is  applicable,  and  to  provide  practitioners  with  a  means  of  estimating  soil  venting  system 
performance  with  heating. 


182 


I.  EMISSIONS  CONTROL  BY  CATALYTIC  OXIDATION 

ITie  State  of  Utah  Air  Conservation  Committee  required  that  an  emissions  control  device  be 
installed  to  treat  the  gas  extracted  from  the  soil  during  the  full-scale  demonstration.  An  economic 
analysis  indicated  that  the  large  contaminant  vobroe  and  the  attractiveness  of  final  destruction 
capability  in  an  emissions  control  unit  would  make  catalytic  oxidation  picferabie  to  carbon  adsorption. 
The  two  pilot-scale  catalytic  o.xidizers  ijsed  differed  in  their  catalyst  bed  designs.  The  two  were  (1) 
a  tluidized  bed,  and  (2)  a  fixed  bed.  A  5(X)-cfm  flukiized-bed  oxidation  unit  was  rented  from  ARI 
International,  and  a  ItXX)  cfm  ilxed-bcd  oxidation  unilwas  rented  from  Engelhard,  Inc. 

Huidized-bed  catalyst  oxidizers  contain  granular  particles  of  catalyst  usually  comprised  of  non¬ 
precious  metal  species.  The  fiuidized  bed  provides  a  nearly  even  temperature  distribution  throughout 
the  bed,  allowing  high  levels  of  contaminant  to  be  destroyed  without  thermal  damage  to  the  catalyst. 
The  fluid  action  cf  the  bed  also  counteracts  fouling  of  the  catalyst  due  to  the  abrasive  forces  on  the 
outer  catalyst  .suriaecs.  For  this  same  reason,  cataiy't  will  gradually  be  lost  and  must  be  replaced 
(thus  the  preference  for  nonprecious  metal  cataiysts'L 

Fixed-bed  catalytic  oxidizers  contain  catalyst  in  a  stationary  form,  such  as  precious  metals 
deposited  on  a  honeycomb  ceramic  substrate.  Because  of  the  unitary  nature  of  the  cataiysi,  a 
temperature  gradient  will  be  induced  along  the  bed  as  contaminants  are  oxidized,  thus  limiting  the 
contaminant  levels  which  may  be  fed  without  thermal  damage  to  the  unit.  Fixed-bed  catalysts  are 
susceptible  to  fouling  by  species  in  the  gas  stream  such  as  sulfur  compounds,  as  noted  in  the  results 
ot  the  AFESC-sponsored  demonstration  of  Air  Stripping  with  Emissions  Control  (Reference  31). 
Because  little  catalyst  loss  is  encountered,  the  added  effectiveness  cf  precious  metal  catalytic  species 
may  be  employed. 

1.  Operation 

The  fluidized-bed  oxidizer  was  operated  for  eight  months,  between  December  1988  and 
August  1989.  Tlie  fixed-bed  oxidizer  was  operated  for  six  months,  from  April  1989  to  October  1989. 
Both  units  performed  very  well  from  an  operational  standpoint,  even  in  adverse  conditions  such  as 
harsh  winter  weather.  The  control  systems  were  well  designed,  allowing  relatively  trouble-free  startup 
and  shutdown  and  smooth,  unmanned  operation.  Liiiic  maintenance  was  required.  The  bearings  on 
the  process  fans  required  weekly  lubrication,  and,  less  frequently,  the  filter  on  the  combustion  air 
blower  of  the  fluidized-bed  oxidizer  was  cleaned  of  show  or  sand.  One  hundred  pounds  (45.4  kg)  of 
catalys.  were  added  to  the  initial  150-pound  (68.0-k|)  charge  in  the  fiuidizcd-bed  oxidizer  over  the 
course  of  t.hc  demonstration  to  maintain  catalyst  bed  depth. 

A  problem  with  operation  of  both  oxidizets  was  windblown  sand  which  caused  binding  of  the 
control  motor  and  linkages  for  the  preheater  propane  control  valves.  Increased  weatherproofing  of 
these  components  would  improve  operability,  ^cause  the  fluidized-bed  unit  was  under  positive 
pressure  between  the  preheater  and  catalyst  bed,  small  amounts  of  gas  containing  a  brown 
condensible  viscous  material  (assumed  to  be  the  products  of  incomplete  combustion)  escaped  through 
small  leaks  around  the  unit.  It  was  necessary  to  patch  these  leaks.  A.  unit  under  negative  pressure 
would  avoid  this  problem,  but  would  have  to  be  designed  to  allow  for  solids  entrainment  and  high 
temperature  gas. 
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2.  Conversion  Results 


a.  Fluidized-Bed  Oddizer 


During  the  operation  of  the  fluidized-bed  oxidizer,  15  sets  of  inlet  and  outlet  samples  were 
analyzed  for  total  organics  allowing  the  calculation  of  the  destruction  efficiency  for  the  oxidizer,  which 
varied  from  78.2  to  99.4  percent,  with  an  average  of  88.8  percent.  A  summary  of  the  results  is  shown 
in  Table  20  for  the  fluidized-bed  oxidizer. 


TABLE  20.  SUMMARY  OF  RESULTS  FOR  FLUIDIZED-BED  OXIDIZER 


DATE 

TEMPERATURE  (F) 

TOTAL  ORGANICS 
(pg/btcr) 

DESTRUCTION 

EFnCLENCY 

(Percent) 

IN 

OUT 

IN 

OUT 

02/01/80 

675 

1052 

2336 

152.5 

93.5 

02/07/89 

650 

1056 

18339 

101.9 

99.4 

03/20/89 

650 

1056 

17980 

273.5 

98.5 

03/22/89 

600 

1045 

17380 

255.6 

98.5 

04/29/89 

625 

848 

7675 

1006.0 

86.9 

05/14/89 

625 

847 

7294 

478.0 

93.4 

05/26/89 

625 

869 

1639 

292.3 

82.2 

06/13/89 

700 

918 

5163 

176.0 

%.6  1 

06/22/89 

700 

883 

4658 

508.5 

89.1 

06/29/89 

650 

803 

5563 

890.7 

84.0 

07/07/89 

650 

743 

3802 

828.4 

78.2 

07/13/89 

650 

752 

31% 

590.4 

81.5 

07/25,89 

650 

688 

2289 

462.9 

79.8 

07/28/89 

650 

694 

1573 

267.4 

83.0 

08/11/89 

650 

665 

2015 

241.5 

88.0 

b.  Fbicd-Bed  Oxidizer 


During  the  operation  of  the  fixed-bed  oxidizer.  14  sets  of  inlet  and  outlet  samples  were 
analyzed  for  total  organirs.  'Fhe  fixed-bed  oxidizer  was  significantly  more  efficient,  ranging  from  92.6 
to  99.7  percent  destruction,  with  an  average  of  97.3  percent  for  14  sets  of  samples.  Table  21 
summarizes  the  results  for  the  fixed-bed  oxidizer. 


TABLE  21.  SUMMARY  OF  RESULTS  FOR  FIXED-BED  OXIDIZER 


DATE 

TEMPERATURE  (F) 

TOTAL  ORGANICS 
(pg/bter) 

DESTRUCTION 

EFFICIENCY 

(%) 

IN 

OUT 

IN 

OUT 

04/29/89 

525 

860 

7675 

993 

1 

9a7 

05/14/89 

525 

800 

7294 

123.7 

98.3 

05/26/89 

525 

830 

1639 

60.7 

963 

06/13/89 

550 

940 

5163 

91.6 

98.2 

06/22/89 

550 

920 

4658 

161.2 

963 

06/29/89 

520 

890 

5563 

163.7 

97.1 

07/13/89 

470 

800 

31% 

236.2 

92.6 

07/25/89 

495 

760 

2289 

117.0 

94.9 

07/28,89 

510 

745 

1573 

41.4 

9nA 

08/11/89 

480 

700 

2015 

48.0 

97.6 

08/18/89 

625 

810 

1460 

26.1 

98.2 

08/25/89 

620 

810 

1081 

23.1 

97.9 

09/11/89 

600 

750 

1073 

173 

98-4 

09/15/89 

625 

760 

i 

622 

1.6 

99.7 

c.  DiscussioD  of  Conversion  Results 

Significant  differences  were  observed  between  the  oxidizers  in  terms  of  hydrocarbon 
destruction  efficiency.  These  differences  were  mainly  due  to  the  mode  of  operation,  rather  than  to 
design  details. 


The  fixed-bed  unit  provided  consistent  performance  throughout  the  venting  test.  The 
destruction  efficiency  dropped  to  less  than  95  percent  only  when  the  inlet  temperature  was  reduced 
to  less  than  500°F  (260°C).  The  destruction  efficiency  of  the  fixed-bed  unit  increased  slightly  as  the 
temperature  of  the  gas  entering  the  unit  increased  (Figure  111),  but  the  efficiency  seemingly  did  not 
depend  on  the  outlet  temperature,  the  inlet  organic  concentration,  or  the  length  of  time  the  unit 
operated. 


The  destruction  efficiency  of  the  Quidized-bed  oxidizer  was  sensitive  to  the  operating 
conditions.  The  efficiency  was  positively  correlated  with  the  outlet  temperature  (Figure  1 12)  and  the 
inlet  organic  concentration  (Figure  113),  but  did  not  depend  on  the  inlet  temperature.  The 
destruction  efficiency  of  the  fluidized-bed  unit  decreased  during  the  eight  months  that  the  oxidizer 
was  operated.  The  reason  for  ihis  decrease  in  conversion  with  operating  time  is  the  mode  of 
operation.  The  catalyst  bed  inlet  temperature  was  held  nearly  constant  in  the  range  of  625  to  700°F 
(329  to  371  °C),  maintaining  a  reasonable  temperature  rise  compared  to  inlet  concentration,  but 
allowing  the  outlet  temperature  to  drop  as  inlet  hydrocarbon  concentration  decreased.  Although  this 
mode  of  operation  is  useful  for  illustrating  the  variation  of  conversion  efficiency  with  outlet 
temperature,  it  does  not  maintain  optimal  destruction  efficiency.  A  more  satisfactory  mode  of 
operation  would  be  to  periodically  adjust  the  catalyst  bed  inlet  temperature  set  point  to  maintain 
outlet  temperature  levels  which  ensure  desired  destruction  efficiencies,  in  this  case  in  the  range  of 
1000  to  lOSO^F  (538  to  566°C).  Given  the  data  collected,  there  is  no  reason  to  conclude  that  the 
fluidized-bed  unit  would  not  have  maintained  high  conversion  if  operated  in  this  manner. 

There  also  appears  to  be  a  difference  between  the  oxidizers  in  terms  of  the  composition 
of  constituents  in  the  off  gas.  As  shown  in  Figure  114,  which  depicts  the  results  of  nine  paired 
samplings  of  inlet  and  outlet  gas  concentrations  of  both  units,  the  Quidized-bed  unit  appeared  to 
release  a  wider  boiling  point  range  of  compounds,  both  at  the  low  and  high  boiling  point  range  of 
interest,  than  the  fixed  bed  unit.  The  fixed-bed  unit  demonstrated  the  ability  to  destroy  C7  and  lower 
compounds. 

3.  Propane  Consumption 

An  estimate  of  the  propane  usage  by  each  unit  was  made  based  on  the  amount  of  propane 
required  to  refill  the  supply  tanks.  Average  propane  usage  for  each  oxidizer  is  listed  in  Table  22. 
Average  daily  propane  costs  in  the  table  are  based  on  a  purchase  price  of  $0,429  per  gallon. 

Table  22  indicates  that  the  fluidized-bed  unit  was  more  expensive  to  operate  on  a  gas  volume 
treated  basis.  These  values  represent  average  values  over  the  course  of  the  demonstration.  It  is 
expected  that  average  propar  consumption,  particularly  for  the  fluidized-bed  unit,  would  increase 
during  extended  operation  at  optimal  destruction  efficiencies. 

4.  Conclusions  of  Emissions  Control  Mom'toring 

/n  situ  soil  venting  applications  provide  a  challenging  vapor  stream  for  treatment  by  an 
emissions  control  device  since  the  gases  are  normally  of  high  relative  humidity  and  range  over  several 
orders  of  magnitude  in  contaminant  concentration  over  the  course  of  operation.  Catalytic  oxidation 
becomes  a  very  attractive  alternative  for  soil  venting  emissions  control  since  heating  requirements  are 
much  lower  that  thermal  oxidation  and  the  humidity,  manpower,  and  final  disposal  problems  of 
carbon  adsorption  are  avoided. 
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TEMPERATURE  (°F) 


Figure  111.  Destruction  Efficiency  of  Fixed-Bed  Catalytic  Oxidizer  as  a  Function  of  Inlet 
Temperature. 


Figure  112.  Destruction  Efficiency  of  Fluidized-Bed  Catalytic  Oxidizer  as  a  Function  of  Outlet 
Temperature. 
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COMPOUNDS 


Figure  1 13.  Destruction  Efficiency  of  P.uidized-Bed  Catalytic  Oxidizer  as  a  Function  of  Inlet 
Organic  Concentration. 


<C-7 
C-7  to  C-8 
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Figure  114.  Inlet  and  Outlet  Gas  Concentration  and  Composition  for  Oxidizers  (22  June  1989). 
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TABLE  22.  AVERAGE  PROPANE  USAGE  FOR  CATALYTIC  OXIDIZERS 


OXIDIZER(S) 

USED 

AVERAGE 

PROPANE 

USED 

(gallon/day) 

AVERAGE 

COST 

(S/day) 

AVERAGE 
PROPANE 
USAGE 
(gal/10^  ft^ 
AIR 

TREATED) 

AVERAGE 

COST 

($/10*  ft*  AIR 
TRF,ATED) 

Fluidized-bed 

50 

21.5 

69.4 

29.8 

Fixed-bed 

80 

34.3 

55.6 

23.8 

Both  units 

1.30 

55.8 

60.2 

25.8 

This  application  successfully  demonstrated  the  ise  of  catalytic  oxidation  as  an  emissions 
control  option  for  soil  venting.  In  this  demonstration,  the  contaminant  concentrations  during  the 
early  phases  of  venting  were  above  the  upper  concentration  limit  of  the  oxidation  (due  to  catalyst  bed 
temperature  rise)  noted  by  Johnson  et  al.  (Reference  32).  By  diluting  the  gas  stream  with  air  to 
reduce  the  concentration  to  20  percent  LEL  or  below  at  the  inlet,  operation  of  the  unit  was  possible. 
Although  dilution  limits  the  removal  rate  during  the  iaitial  operation,  it  avoids  the  logistics  of 
switching  emissions  control  devices.  Economics  for  application  of  the  oxidizers  to  the  lower 
concentration  periods  might  have  oeen  improved  through  heat  recovery.  Heat  injection  as  described 
in  section  V.H.  also  provides  promise  for  improving  the  economics  of  the  process. 

Both  catalytic  units  tested,  of  fixed-bed  and  fiuidized-bed  design,  performed  satisfactorily. 
The  units  operated  automatically  with  little  attention  or  maintenance  required.  The  ease  of  use, 
along  with  single  step  contaminant  destruction  capability,  increases  the  attractiveness  of  this  emissions 
control  option. 

Although  the  designs  tested  both  performed  well,  there  are  particular  applications  in  which 
each  would  have  a  decided  advantage.  Fixed-bed  units  may  include  specially  formulated  catalysts 
containing  precious  metals  and,  therefore,  may  in  many  cases  be  operated  at  lower  temperatures  than 
fluidized-bed  units  utilizing  nonprecious  metal  species.  As  seen  in  this  demonstration,  the  fixed-bed 
catalytic  unit  could  be  operated  at  much  lower  inlet  temperatures  than  t,he  fluidized-bed  unit  for 
adequate  destruction,  resulting  in  lower  preheater  fuel  costs.  In  larger  systems,  the  fuel  cost 
difference  could  be  decreased  through  heat  recovery.  Fixcd-bed  catalytic  oxidizers  are  less  flexible 
due  to  their  susceptibility  to  fouling  or  poisoning.  Fluidized-bed  systems  are  thus  more  applicable 
to  situations  including  poisoning  species  such  as  sulfur  or  contaminant  streams  containing  chlorinated 
organics.  A  determination  of  gas  stream  components  should  be  made  before  specification  of  catalytic 
oxidizer  type  for  environmental  applications. 
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J.  EFFECTIVENESS  OF  S:TE  TREATMENT 


1.  Post- Venting  Soil  Analyses 

Following  completion  of  venting  operations,  soil  samples  were  collected  from  the  vertical  vent 
area  and  from  the  pile  to  assess  the  effectiveness  of  venting  in  removing  hydrocarbons  from  these 
areas.  Post-venting  samples  in  the  lateral  venting  zones  were  not  taken  due  to  the  presence  of  the 
concrete  tank  enclosure.  For  both  systems,  post-venting  samples  were  collected  at  locations  and  at 
depth  intervals  which  were  as  close  spatially  as  possible  to  the  pre-venting  samples  (generally  within 
5  feet  laterally  and  1  foot  vertically).  The  post-venting  and  pre-venting  samples  thus  comprise 
matched  pairs  which  may  be  compared  to  evaluate  the  hydrocarbon  removal  efficiency.  Post-venting 
borings  were  designated  "A"  to  distinguish  them  from  pre-venting  borings. 

a.  Total  Hydrocarbons 

(1)  Vertical  Vent  System 

Borings  drilled  in  the  vertical  vent  a’’ea  following  venting  are  shown  in  Figure  115. 
Borings  were  drilled  adjacent  to  vent  borings  which  contained  at  least  one  pre-venting  sample  of 
greater  than  100  mg/kg  total  hydrocarbons.  These  included  vents  having  labels  V2,  V3,  V4,  V6,  V7, 
V8,  V9,  VIO,  VI 1,  V14,  V15.  and  E.  Additional  borings  were  installed  (1)  adjacent  to  V4  (4B)  and 
VI 1  (IIB),  to  provide  indications  of  replicability  between  paired  samples  on  a  lO-foot  scale;  and 
(2)  equidistant  between  V4  and  VI 1  (4C)  to  assess  venting  effectiveness  at  a  boundary  "node" 
between  vents.  Because  no  significant  contamination  was  found  during  pre-venting  sampling  in 
borings  VI,  V5,  V12,  or  V13,  no  post-venting  borings  were  drilled  at  those  locations.  Four  samples 
were  collected  in  the  upper  5  feet  of  soil  by  hand  auger  (at  locations  V4A  and  VI 1  A)  to  avoid 
encountering  possible  subsurface  obstructions. 

Analyses  of  post-venting  samples  collected  from  the  vertical  vented  area  are  summarized 
in  Table  1  of  Appendix  G.  Total  hydrocarbon  corfcentrations  ranged  from  nondetectable  (<20 
mgdeg)  to  a  maximum  of  424  mg/kg.  The  analyzed  hydrocarbon  levels  were  considerably  lower  than 
in  the  pre -venting  samples;  only  nine  analyses  exceeded  100  mg/kg,  and  four  of  these  were  from 
boring  V3A  The  mean  of  two  trip  blanks  was  42  mg/kg;  only  29  of  the  110  samples  equaled  or 
exceeded  this  value.  Replicability  was  high:  in  only  one  of  the  9  pairs  of  field  replicates  did  the  2 
values  differ  by  greater  than  12  mg/lcg.  Comparison  of  analyses  for  borehole  pairs  4A/4B  and 
1  lA/'l  IB  show  excellent  agreement  between  "replicate"  boreholes:  means  of  hydrocarbon  analyses  for 
4A  and  4B  were  32  mg/kg  (SE  8)  and  .32  mg4cg  (SE  5),  respectively,  while  for  1!A  and  IIB  means 
were  37  mg/kg  (SE  10)  and  39  mg/kg  (SE  5). 

(2)  Pile 

Pile  post-venting  samples  were  collected  from  six  borings  (Figure  12)  in  the  same 
manner  as  for  the  vertical  vents,  i.  e.,  from  borings  and  depth  intervals  adjacent  to  those  which  had 
contained  greater  than  100  rng/kg  in  pre-venting  samples.  A  total  of  13  samples  were  analyzed  from 
six  borings,  all  in  the  western  half  of  the  pile.  Of  the  samples  analyzed,  only  one  exceeded  100  mg/kg 
in  hydrocarbon  concentration. 
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b.  Moisture  Content 


Moisture  contents  of  the  post-venting  soil  samples  are  summarized  in  Table  3  of  Appendix 
G.  Moisture  contents  of  the  pile  varied  from  2.4  percent  to  8.8  percent,  or  approximately  the  same 
as  pre-venting  samples.  Most  samples  from  the  vertical  vent  system  borings  were  in  the  same  range, 
with  values  reflecting  near-saturated  conditions  (23  to  30  percent)  above  clay  layers  as  in  the 
pre-venting  samples.  Moisture  contents  reflected  the  results  of  neutron  access  tube  studies  which 
suggested  that  little  change  in  moisture  content  of  the  vented  soil  occurred  except  in  the  upper  8  to 
10  feet. 

c.  Benzene,  Toluene,  and  Xykne  (BTX) 

Post-venting  samples  corresponding  to  six  of  the  samples  which  contained  relatively  high 
pre-venting  le'/els  of  BTX  were  analyzed  for  BTX.  In  addition,  the  four  post-venting  samples  which 
contained  the  highest  levels  of  total  hydrocarbons  (Nos.  4664,  4667,  4686,  and  4712  in  Table  1  of 
Appendix  G)  were  analyzed  for  BTX.  These  samples  and  corresponding  depth  intervals  are  shown 
in  Table  4  of  Appendix  G. 

No  BTX  were  detected  in  any  of  the  10  samples  (detection  limit;  10  mg/kg).  Because 
these  samples  were  selected  to  represent  those  which  might  be  expected  to  have  the  highest 
likelihood  of  containing  BTX,  the  data  strongly  suggest  that  BTX  were  effectively  reduced  to 
nondetectahie  levels  (i.  e.,  <10  mg/kg)  by  the  venting  operation. 

2.  Effectiveness  of  Hydrocarbon  Removal 

To  assess  the  effectiveness  of  venting,  the  mass  of  fuel  hydrocarbons  remaining  in  the  vertical 
vented  zone  and  the  pile  were  computed  for  the  post-venting  sampling  campaign.  The  same  grids 
were  used  as  in  determination  of  pre-venting  soil  hydrocarbon  mass  (Section  III.C).  For  the  vertical 
vent  area,  orily  the  borings  labeled  "A"  were  compared  with  pre-venting  samples. 

a.  Vertical  Vent  System 

The  worlcsheet  for  calculation  of  the  hydrocaibon  removal  efficiency  for  the  vertical  vent 
area  is  shown  in  Table  5  of  Appendix  G.  Soil  sub-volumes  were  defined  as  described  in  Section  III.C. 

The  total  amount  of  hydrocarbons  remaining  in  the  vertical  vented  zone  following  venting 
is  calculated  to  be  2650  pounds  (1309  kg).  Eased  on  an  initial  hydrocarbon  mass  in  this  area  of 
30,760  pounds  (13,952  kg),  the  removal  efficiency  for  the  vertical  vent  system  is  90.6  percent.  For 
sub-areas  which  contained  measurable  hydrocarbons  before  venting,  the  effectiveness  of  hydrocarbon 
removal  varied  from  47.6  percent  (V15)  to  97.5  percent  (VIO). 

A  large  number  of  samples  contained  hydrocarbon  at  undetectable  levels  (i.  e.,  <20 
mg/kg)  in  the  pre-venting  samples.  To  produce  a  conservative  estimate  of  hydrocarbon  removal  in 
tne  preceding  analysis,  the  concentration  of  hydrocarbons  in  these  samples  (estimated  at  one-half  the 
detection  limit,  or  10  mg/kg)  was  assumed  to  remain  unchanged  during  venting.  The  mass  of 
hydrocarbons  in  sub-volumes  associated  with  these  samples  thus  becomes  disproportionately  far  more 
significant  in  calculation  of  the  post-venting  residual  hydrocarbon  mass.  This  is  because  high 
hydrocarbon  concentrations,  which  accounted  for  the  predominant  portion  of  total  hydrocarbon  mass, 
are  no  longer  observable  in  the  post-venting  sample  analyses. 
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To  evaluate  the  effect  of  the  large  volume  of  soil  calculated  to  contain  residual 
hydrocarbons  at  an  undetectable  but  nonzero  (estimated  to  be  10  mg/kg)  concentration,  the 
effectiveness  of  removal  of  hydrocarbons  from  soil  which  contained  detectable  hydrocarbons  in 
pre-venting  samples  was  calculated.  A  total  of  58  sample  intervals  from  12  borings  contained 
detectable  hydrocarbons  in  the  pre  venting  sampling.  These  contribute  29,820  pounds  (13,285  kg), 
or  97  percent,  of  the  total  calculated  pre -venting  hydrocarbon  mass  [30,760  pounds  (13,952  kg)]  in 
the  vertical  vent  zone.  The  total  hydrocarbon  mass  remaining  in  these  sub-zones  following  venting 
is  1560  pounds  (708  kg),  or  only  54  percent  of  the  total  [2886  !bs  (1.309  kg)]  calculated  to  be  present 
when  nondetectable  values  are  included.  The  effectiveness  of  hydrocarbon  removal  when 
nondetectable  concentrations  arc  excluded,  is  thus  calculated  to  be  94.8  percent.  Tins  value  is 
considerably  hig.her  than  the  value  calculated  (90.6  percent)  when  nondetectable  concentrations  are 
included,  and  probably  represents  a  more  accurate  measure  of  the  effectiveness  of  the  vertical  ''cniing 
system. 


b.  Pile 

Tne  residual  mass  of  hydrocarbons  ia  the  excavated  pile  and  calculation  of  the 
effectiveness  of  venting  were  performed  in  a  manner  analogous  to  that  of  the  vertical  vent  system 
(see  Table  6  of  Appendix  G).  The  total  calculated  post-venting  hydrocarbon  mass  is  143  ounds  (65 
kg).  Based  on  an  initial  hydrocarbon  mass  of  2190  pounds  (‘>94  kg),  the  effectiveness  of  f  ydrocarbon 
removal  is  93.4  percent. 

As  was  true  for  the  vertical  vent  zone,  the  effect  of  nondetectable  Hydrocarbon 
concentrations  is  also  significant  for  the  pile.  Soil  subvolumes  asstxiiaied  with  r  ondctectablc 
hydrocarbon  concentrations  comprise  one-half  of  the  pre-venting  pile  analyses  (i.  e.,  all  lamples  from 
borings  F7-P12).  These  subvolumes  add  a  calculated  hydrocarbon  mass  of  48  p<Hunds  ('  2  kg)  to  both 
pre-  and  post-venting  hydrocarbon  inventories.  VVljen  this  mass  is  removed  from  each,  the  pre-  and 
post-venting  hydrocarbon  masses  in  the  pile  are  caiedated  to  be  2140  pounds  (972  kg)  and  95  pound.s 
(43  kg),  respectively.  The  calculated  hydrocarbon  removal  effectiveness  calculated  on  the  basis  of 
these  figures  is  95.5  percent.  This  figure  is  essentially  identical  to  the  vertical  vent  zone  removal 
efficiency  (excluding  nondetectable  hydrocarbon  analyses)  of  94.8  percent. 

3.  Faclnra  AlTccting  Hydrocart»o  Removal 
a.  Depth 

Tne  screens  employed  in  the  vertical  vent  system  extended  from  10  feet  to  50  feet  (3.0 
to  15.2  meters)  EL5.  To  determine  whether  the  soil  in  the  upper  !0  feet  (3.0  meters)  was  vented 
as  effectively  as  the  deeper  soil,  subzones  in  the  0-  !o  10-foot  (0-  to  3.0-metcr)  depth  range  whose 
pre-venting  sample  analyses  contained  mea.surable  hydrocarbons  were  evaluated.  A  total  of  13 
subzoncs  from  seven  subareas  met  these  criteria.  The  efficiencies  of  hydrex-arbon  removal  from  thc,sc 
subzones  are  summarized  in  Tabic  23.  Removals  ranged  from  83.2  percent  to  98.9  percent;  the  mean 
removal  was  96.3  percent.  This  value  is  higher  l.han  the  removals  calculated  both  including  and 
excluding  nondetectable  concentrations  for  the  eisiirc  vertical  vent  zone  (90.6  percent  and  94.8 
percent,  respectively).  Results  therefore  demonstrate  that  hydrrxarbrrn  removal  in  the  upper  U)  feet 
(3.0  meters)  of  s<ril,  above  (he  tops  of  the  vent  screens,  was  at  least  as  effective  a.s  hydrocarbon 
removal  in  the  deeper  zone. 
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TABLE  23.  PRE-  'v^RSUS  POST-VENTING  HYDROCARBON  MASS;  UPPER  10  FEET 
OF  SOIL  ONLY 


HC  MASS  (mg/kg) 

REMOVAL 

VENT  NO. 

PRE-VENTING 

POST-VENTING 

EFF.  (Percent) 

V2 

385.44 

30.81 

9101 

V4 

661.63 

25.54 

96.14 

V7 

203.31 

17.62 

9134 

V8 

44.64 

7J0 

83.19 

V9 

626.87 

8J0 

98.68 

VIO 

1282.13 

13.72 

98.93 

Vll 

349.03 

27.50 

9112 

b.  Presence  of  Qay 

To  assess  the  effect  of  clay  layers  on  hydrocarbon  removal  sub-zones  defined  by  biased 
samples  (i.  e.,  those  collected  at  the  interfaces  oetwcen  sand  and  underlying  clay),  which  contained 
measurable  pre-venting  hydrocarbons,  were  compared  for  prc-  and  post-venting  samples.  A  total  of 
seven  subzones  from  six  borings  were  identified;  results  arc  shown  in  Table  24.  The  overall 
hydrocarbon  removal  effectiveness  in  the  seven  sub-zones  is  calculated  to  be  97J  percent,  or 
substantially  higher  than  the  vertical  vent  zone  considered  as  a  whole. 

Because  post-venting  samples  were  collected  at  the  same  depth  interval  as  pre-venting 
samples,  but  not  by  examination  of  a  continuous  core  (the  post-venting  boreholes  were  not 
continuously  logged),  it  is  possible  that  the  post-venting  samples  may  not  represent  the  same  position 
relative  to  the  sand-clay  interface  as  do  the  pre-venting  samples.  Of  the  seven  samples  in  Table  25, 
only  two  (samples  4672  and  4679  in  Table  1  of  Appendix  G)  were  observed  to  consist  unambiguously 
of  clay  in  subsamplcs  dried  for  moisture  determination,  while  a  thitd  (No.  4667)  was  composed  largely 
of  clay.  Perhaps  significantly,  these  three  samples  had  the  highest  hydrocarbon  concentrations  of  the 
seven  depth  intervals  shown  in  Table  25.  The  hydrocarbon  removal  effectiveness  of  the  subzones 
corresponding  to  these  three  samples,  however,  are  all  greater  than  94.4  percent,  which  suggests  that 
hydrocarbon  removal  from  the  clay  layers  was  as  effective  as  from  bulk  sand. 

Additional  qualitative  evidence  for  the  effectiveness  of  hydrocarbon  removal  from  clay 
layers  in  the  vertical  vent  zone  comes  from  observation  of  the  dried  samples  for  moisture 
determination.  Post-venting  samples  visually  categorized  as  ’clay,"  in  addition  to  those  listed  aben/e, 
included  samples  numbered  4632,  4640,  464i8,  4651,  4652,  and  4672  in  Tabic  1  of  Appendix  G. 
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TABLE  24.  PRE-  VERSUS  POST-VENTIWG  HYDROCARBON  MASS:  BIASED  SAMPLES 
ONLY 


VENT  NO. 


V3 


V4 


V8 


V8 


VIO 


vn 


V15 


DEPTH 

(feet) 


38 


18 


27.5 


47 


.39 


36 


10.5 


PRE-VENTING 

(BIASED) 


146.28 


107.46 


11.21 


97.24 


90.09 


286.55 


1.82 


POST- 

VENTING 

(BIASED) 


8.19 


1.07 


0.43 


0.73 


1.95 


3.61 


1.83 


REMOVAL 
EFF.  (Percent) 


94.40 


99.00 


96.20 


99.24 


97.84 


98.74 


-0.44 


TOTAL 

740.99 

18.16 

97.55  II 

Concentrations  of  hydrocarbons  did  not  exceed  100  mg/Lg  in  any  of  these  samples.  Of  the  nine 
samples  in  Table  1  of  Appendix  G  which  did  exceed  100  mg/kg,  all  bet  4667  (identified  above  as  a 
sand-clay  mixture)  were  identified  visually  as  "sand."  The  results,  therefore,  support  the  conclusion 
that  hydrocarbons  were  removed  from  clay  and  neai-clay  zones  with  essentially  the  same  degree  of 
effectiveness  as  from  the  bulk  sand, 

c.  Moisture 

The  post-venting  samples  identified  visually  as  "clay"  all  had  moisture  contents  greater  than 
2.3  percent.  Because  of  the  strong  apparent  correlation  between  clay  content  and  moisture,  it  would 
be  difficult  to  determine  which  is  the  controlling  variable  if  in  fact  hydrocarbon  removal  were 
correlated  with  moisture  content. 

To  as.sess  the  effect  of  moisture,  moisture  content  and  hydrocarbon  content  for  the  155 
post-venting  samples  from  both  vertical  vent  wells  and  pile  for  which  both  analyses  were  run  were 
regressed.  The  results  (Figure  1 16)  demonstrate  no  significant  relationship  between  the  two  variables 
(R"=0.01.3).  Moisture  seems  therefore  to  have  had  little  effect  on  hydrocarbon  removal  in  the 
vertical  vent  area. 
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Figure  116.  Regression  of  Measured  Hydrocarbon  Content  (mg/kg)  Against  Moisture  Content 
for  the  Suite  of  Post-Venting  Soil  Samples  from  Both  the  Pile  and  Vertical  Vent  Area 
Borings. 


d.  Other  Geohydroiogic  Factors 

No  effects  of  other  geohydroiogic  factors  are  apparent  from  examination  of  the 
post-veniing  hydrocarbon  data.  The  subzone  which  consistently  showed  the  least  effective  removal 
of  hydrocarbons  was  V3;  in  addition  to  a  hydrocarbon  removal  efficiency  of  only  79.6  percent 
(82.4  percent  with  exclusion  of  hydrocarbon  "nondetects"),  four  of  the  nine  highest  post-venting 
hydrocarbon  levels  were  determined  in  this  sub-zone.  All  occurred  between  13.5  feet  and  38  feet  (7.2 
meters  and  11.6  meters)  BLS,  suggesting  the  existence  of  a  "dead  zone"  of  minimal  air  flow. 
However,  examination  of  the  boring  log  from  V3  does  not  indicate  any  unusual  features:  the  soil 
consists  of  medium-  to  fine  grained  sand,  moderate-  to  well-sorted.  A  thin  clay  lens  was  observed  at 
38  .feet  (11.6  meters)  BLS,  but  similar  lenses  occur  in  other  boreholes;  this  feature  would  also  not 
be  expected  to  affect  vapor  flow  15  feet  (4.6  meters)  higher  in  the  23.5-  to  25-feet  (7.2  to  7.6-metcr) 
interval. 


An  alternate  explanation  for  the  elevated  hydrocarbon  residues  found  in  V3A  may  be  that 
hydrocarbon  contamination  moved  into  this  area  from  beneath  ihe  waste  oil  tank  garden,  just  to  the 
north  from  subzone  V3.  No  data  are  available  concerning  hydrocarbon  levels  in  the  soil  beneath  this 
bermed  area;  however,  the  different  hydrocarbon  distributions  observed  in  samples  from  V3  (Section 
III)  suggest  that  other  spills  have  occurred  in  this  area.  .A  hydrocarbon  reservoir  of  considerable  size 
may  occur  beneath  this  area,  and  contaminants  from  beneath  the  garden  may  have  migrated  into  the 
V3  subzone  under  the  influence  of  the  vent  air  flow. 


1% 


e.  Distance  from  Vents 


Because  Vents  7,  9,  10,  and  1 1  were  operated  for  longer  periods  than  were  the  other 
vents,  it  might  be  expected  that  efficiencies  of  hydrocarbon  removal  would  be  greatest  in  the  subzones 
which  encompass  these  vents.  Qjnversely,  bemuse  boring  E  was  located  at  a  node  between  Vents 
3,  4,  9,  and  11,  which  was  expected  by  flow  modeling  to  be  an  area  of  reduced  air  flow  during 
operation  in  a  grid  configuration,  it  might  be  expected  that  efficiency  of  hydrocarbon  removal  would 
be  minimal  in  this  subzone. 

Hydrocarbon  removals  from  V7,  V9,  VIO,  and  Vll  were  68.6  percent.  97.2  percent, 
97J  percent,  and  92.2  percent.  The  overall  removal  efficiency  for  these  sub-zones  was  95.3  percent, 
which  is  considerably  higher  than  the  90.6  percent  effectiveness  of  the  entire  vertical  vent  system. 
When  only  detectable  hydrocarbon  concentrations  are  considered,  the  effectiveness  figures  are 
93.9  percent,  98.4  percent,  98.1  percent,  and  96.6  percent,  respectively  (overall:  97,9  percent);  again, 
higher  than  the  overall  vertical  vent  area  effectiveness  (94.8  percent).  The  calculated  hydrocarbon 
removals  for  boring  E  with  and  without  inclusion  of  nondctectable  hydrocarbon  analyses  were 
94.4  percent  and  95.2  percent,  respectively.  These  values  are  above  the  mean  removal  figures  for  the 
vertical  system.  The  reason  may  be  that  because  most  of  the  venting  operation  was  conducted 
through  vents  V9,  VIO,  and  Vll;  boring  E  was  located  at  a  pressure  node  only  during  a  small  p<jrtion 
of  the  total  operation.  Because  of  a  malfunction  in  the  pressure  monitoring  point  installed  in  boring 
E  it  is  not  possible  to  determine  pressure  gradients,  nor  to  demonstrate  air  flows,  through  this  soil 
volume.  However,  because  of  the  proximity  of  boring  E  to  V9,  VIO,  and  Vll  and  measured  pressure 
decreases  in  monitoring  points  considerably  farther  from  these  vents,  it  is  likely  that  air  flows  through 
the  boring  E  subzone  were  sufficient  to  account  for  the  high  hydrocarbon  removal  effectiveness. 

4.  Comparrson  of  Total  Hydrocarbon  Removal  Detennined  from  Sofl  and  Off-Gas 
Measurements 

The  total  quantify  of  hydrocarbons  removed  from  the  soil  was  considered  to  be  no  greater 
than  the  sum  of  the  hydrocarbons  removed  from  each  of  the  three  zones  (Table  25). 


Ty\BLE  25.  CALCULATION  OF  HYDROCARBON  REMOVAL 
BASED  ON  SOIL  SAMPLES 


. . 1 

PRE-VENTING 

POST-VENTING 

DIFFERENCE 

Vertical  vents 

13,952  kg 

708  kg 

31,244  kg 

Beneath  excavation 

3,574 

0* 

3,574 

Pile 

972 

43 

929 

TOTAL 

17,747  kg 

'Assuming  complete  hydrocarbon  removal. 
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The  calculated  value  for  total  hydrocarbon  removal  from  the  vented  zones  was  thus  39,132 
pounds  (17,747  kg).  In  contrast,  the  total  mass  of  hydrocarbons  removed  in  the  vented  air  stream 
during  the  entire  project  was  105,000  pounds  (47,619  kg).  The  quantity  of  hydrocarbons  removed 
was  thus  268  percent  of  the  initial  calculated  hydrocarbon  mass. 

Several  hypotheses  were  proposed  to  explain  the  difference  between  th^e  two  hydrocarbon 
mass  estimates.  Each  is  considered  below,  with  an  assessment  of  the  supporting  or  refuting  evidence, 
and  an  estimate  of  the  most  likely  magnitude  of  effect 

a.  Soil  analyses  systematically  underestimated  the  true  soil  hydrocarbon 
concentrations. 

Pre-venting  analyses  of  soil  samples  collected  beneath  the  excavated  tanks 
undoubtedly  underestimated  the  true  values  due  to  volatilization  loss  of  the 
lighter  components  during  sample  processing.  The  loss  was  estimated  at  25 
percent  (Section  III.BJ).  Because  the  subexcavation  hydrocarbon  mass  was  25 
percent  of  the  total,  the  effect  of  sampling  error  in  this  zone  is  to  underestimate 
the  total  pre-venting  mass  by  6  percent 

The  mean  mass  recovery  of  JP-4  ’spikes'  added  to  20  samples  was  106  percent 
(SE  =  7  percent).  There  thus  appears  to  be  no  evidence  for  systematic 
underestimation  of  hydrocarbons  in  the  soil  samples  apart  from  the  sample  set 
described  above. 

b.  The  off-gas  hydrocarbon  concentration  was  systematically  overestimated. 

During  the  initial  stages  of  venting  the  total  hydrocarbon  concentration  mea.sured 
continuously  with  the  Total  Hydrocarbon  Analyses  (THA)  agreed  closely  with 
values  measured  by  gas  chromatography  in  grab  samples.  However,  after  total 
hydrocarbon  levels  declined  below  1000  ppmv  (L  c.,  after  approximately  30  x  ’.0* 
ft^  of  gas  had  been  extracted),  concentrations  measured  with  the  THA  exceeded 
grab  sample  analyses  by  a  mean  factor  of  1.6.  If  the  total  hydrocarbon 
concentrations  measured  by  gas  chromatography  are  assumed  to  be  accurate,  the 
total  removed  would  be  97,000  pounds  (44,000  kg),  rather  than  105,000  pounds 
(47,600  kg),  or  a  reduction  of  8  percent  However,  sorption  of  hydrocarbons  onto 
the  metal  walls  of  the  grab  sample  collection  vessels  would  be  expected  to  be 
most  noticeable  at  low  total  hydrocarbon  concentrations.  There  are  insufficient 
data  to  differentiate  between  the  two  alternate  hypotheses  at  this  time. 

c.  Off-gas  analyses  included  hydrocarbons  not  measured  in  soil  analyses. 

The  on-line  total  hydrocarbon  analysis  included  all  hydrocarbons,  including 
methane,  ethane,  and  other  iow-molecular-weight  compounefr.  The  soil  analytical 
procedure,  in  contrast,  measured  only  C<  and  higber-molecuJar-weight  compounds. 

If  the  off-gas  contained  a  substantial  portion  of  Iow-molecular-weight  compounds, 
this  might  explain  the  difference  between  the  gas  and  soil  analyses.  However,  the 
gas  grab  sample  chromatographic  analyses  did  not  show  major  peaks  early  in  the 
chromatograms  where  such  compounds  would  elute;  moreover,  the 
chromatographic  analyses,  which  quantified  C,  compounds  and  above,  did  not 
differ  substantially  from  the  on-line  analyzer  results.  This  does  not  therefore 
appear  to  explain  the  difference  between  soil  and  gas  hydrocarbon  masses. 


198 


d.  Substantiul  quantities  of  soil  fuel  residues  were  ’’missed"  between  sampling 
intervals  during  the  pre-venting  sampling. 

In  order  to  account  for  the  discrepancy  of  65,868  pounds  (29,372  kg),  the  volume 
of  soil,  contaminated  at  the  highest  level  measured  (6400  mg!kg),  "missed"  would 
be  approximately  5  x  lO"  ft^  (141,600  m^).  This  cc.'-f  sp<mds  to  a  volume  of  500 
feet  X  200  feet  x  50  feet  (152  meters  x  61  meters  x  i5  meters).  It  seems  highly 
unlikely  that  a  contaminated  soil  volume  of  this  size  could  be  present  in  "pockets" 
within  a  grid  of  samples  collected  at  40  feet  x  5  feet  (12.2  meter  x  1.5  meter) 
intervals. 

e.  The  lateral  extent  of  contamination  was  underestimated. 

If  in  fact  the  fuel  contamination  zone  were  more  extensive  than  assumed,  the 
total  mass  of  fuel  initially  present  would  of  course  be  underestimated.  In 
preliminary  soil  gas  surveys,  no  evidence  was  found  for  fuel  contamination  to  the 
north,  west,  or  south  of  the  site.  No  data  are  available  concerning  possible 
contamination  north  or  south  of  the  tank  excavation,  or  north  of  vertical  vent  V4. 
If  these  areas  contain  as  much  residual  fuel  as  the  adjacent  sub-areas,  the  total 
initial  fuel  present  could  be  underestimated  by  15  percent  to  20  percent. 
Although  the  known  path  of  fuel  movement  during  the  January  1985  spill  did  not 
extend  beyond  the  area  defined  by  the  vertical  vent  field,  earlier  spills  could  have 
contributed  to  hydrocarbon  residues  throughout  the  area  (see  below). 

f.  The  vertical  extent  of  contamination  was  underestimated. 

No  evidence  was  found  for  penetration  of  fuel  deeper  than  the  sampled  depth 
throughout  the  vertical  vent  zone.  However,  contamination  was  detected  in  one 
boring  (BH16)  at  least  4  feet  (1.2  meters)  into  the  clay  beneath  the  tank 
excavation,  with  no  evidence  that  t.he  lower  bound  of  contamination  had  been 
reached.  The  mean  fuel  concentration  measured  in  BH16  in  the  clay,  at  27  to  31 
feet  (3..1  to  9.4  meters),  was  600  mg/kg.  If  the  total  depth  of  contamination  in 
the  clay  layer  is  assumed,  as  an  upper  estimate,  to  be  23  feet,  and  the  area  of 
contamination  is  equal  to  50  percent  of  the  area  of  the  sub-excavation  sampling 
[i.  e..  2340  feet*  (217  meters*),  the  total  fuel  present  in  the  clay  is  calculated  to 
be  711  pounds  (323  kg).  This  figure  is  20  percent  of  the  total  previously 
calculated  for  the  sub-excavaticn  zone  [7880  pounds  (3574  kg)].  Based  on  the 
single  boring,  therefore,  residual  fuel  m  the  clay  layer  underlying  the  tank 
excavation  appears  unlikely  to  add  more  than  20  percent  to  the  sub-excavation 
total,  which  corresponds  to  4  percent  to  the  total  for  the  three  venting  zones. 
When  the  effect  of  soil  analysis  underestimation  is  included,  this  factor  would 
contribute  up  to  5  percent  underestimation. 

g.  Fuel  vapors  were  drawn  from  outside  the  vented  zone. 

It  appears  likely  that  at  least  some  fuel  vapors  were  drawn  from  areas  whose  soil 
hydrocarbon  concentrations  were  not  sampled  and  characterized.  Measurement 
of  pressure  fields  during  venting  tests  suggests  that  vapors  could  have  been  drawn 
into  the  vertical  vent  wells  from  considerably  further  than  the  extent  of  the 
sampled  zone.  Moreover,  relatively  high  vapor  hydrocarbon  concentrations  were 
observed  in  vent  well  V2  and  in  the  southernmost  lateral  vent  (21)  following 
venting.  These  elevated  concentrations  may  indicate  that  vapors  were  drawn  from 
north  of  V2  (i.  e.,  beneath  the  waste  oil  garden)  and  southeast  of  the  tank 
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excavation  (perhaps  from  eariier  spills  from  the  fuel  pump  station).  The 
hydrocarbon  distribution  of  samples  collected  from  V2  and  V3  differed  from 
those  of  the  rest  of  the  vertical  vent  field,  indicating  that  additional  petroleum 
products  were  present  in  the  soil  near  the  waste  oil  garden;  a  likely  source  is  past 
spillage  or  leakage  from  the  tanks  or  pipelines  leading  to  the  garden.  However, 
there  is  not  enough  information  to  estimate  the  quantity  of  additional  fuel  vapors 
which  could  have  been  drawn  into  the  vent  system  from  beyoiid  the  vent  fields. 

In  sum.mary,  no  single  hypothesis  appears  to  account  for  the  entire  268  percent  difference 
in  hydrocarbon  masses  determined  from  gas  and  soil  analyses.  Probably  the  difference  results  from 
several  of  the  factors  acting  in  concert.  We  conclude  that  the  primary  cause  of  the  discrepancy 
between  off-gas  and  soil  hydrocarbon  masses  is  venting  of  soil  beyond  the  lateral  and  vertical  extent 
of  the  vent  field.  This  extended  zone  of  venting  influence  is  assumed  to  have  drawn  fuel  vapors  from 
zones  of  residual  hydrocarbon  contamination  beyond  the  bounds  of  the  recorded  January  1985  JP-4 
spill. 


5.  Groundwater  Analysts  for  Petroleum  Constituents 

To  determine  whether  venting  had  any  adverse  effect  on  quality  of  groundwater  at  the  site, 
samples  were  collected  from  the  on-site  monitoring  well  RST-1  in  early  October  1989  after 
termination  of  venting,  and  were  analyzed  for  volatile  and  semivolatile  organic  constituents.  No 
volatile  or  seniivolatile  constituents  were  found.  Particular  constituents  which  were  analyzed,  and 
which  wouid  be  expected  to  be  present  in  petroleum  distillates,  are  summarized  in  Table  7  of 
Appendbc  G.  Results  indicate  that  no  transfer  of  petroleum  hydrocarbons  from  the  soil  to  underlying 
groundwater  occurred  as  a  result  of  the  venting  process. 

K.  COSTS 

The  costs  cf  ISSV  systems  are  site-specific,  the  magnitude  of  which  will  depend  upon  the  scope 
of  each  activity  undertaken  (e.g.,  the  size  of  the  spill  and  length  of  time  necessary  of  the 
remediation).  Capital  costs  are  usually  low,  with  major  items  including  the  number  and  depth  of 
vents,  blowers,  valving,  piping,  instrumentation,  and  air  emissions  control  if  necessary.  Since  the 
systems  are  not  labor-intensive,  operating  costs  are  relatively  low.  Major  operating  costs  are  sampling, 
sample  analysis,  power,  maintenance,  and  emissions  control.  E.missions  control,  if  required,  can  add 
significantly  to  the  cost.  Other  major  costs  in  site  cleanup  will  include  preparation  of  plans  for  site 
cleanup,  permitting,  and  performance  monitoring.  The  various  costs  associated  with  ISSV  systems 
are  discussed  in  more  detail  in  Volume  II. 

Based  upon  the  experience  of  this  research  activity,  an  estimate  was  made  of  the  costs  of 
remediating  a  jet  fuel  spill  site,  such  as  at  Hil!  AFB,  by  ISSV.  For  this  estimate,  the  assumptions 
were  that  the  site  characterization,  risk  assessments,  and  feasibility  studies  had  already  been 
performed  and,  consequently,  ISSV  had  been  chosen  as  the  technology  to  be  used  for  remediation. 
Only  those  elements  of  cost  deemed  necessary  for  remediation  of  the  site  were  included. 

Two  cost  estimates  were  produced,  one  for  a  1-year  remediation  time  and  the  other  for  a  2.6- 
year  remediation  time  (see  Table  26).  These  periods  correspond  to  equilibrium  removal  of 
contaminants  as  predicted  by  the  equilibrium  model  described  in  Section  V.D.  with  the  input  of  a  JP- 
4  standard  composition  (1  year)  and  a  composition  based  on  a  subset  of  the  Hill  AFB  pre -venting 
characterization  samples  (2.6  years).  The  air  flow  rate  was  set  at  1500  scfm  (0.71  semm)  in  both 
cases.  It  is  evident  from,  the  results  of  the  post-venting  characteristic  studies  that  remediation  of  the 
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Hill  AFB  site  will  be  complete  at  an  intermediate  point  in  the  range  of  I  lo  2.6  years.  The  estimates 
presented  below  thus  provide  a  reasonable  estimate  of  the  range  of  costs  for  similar  fuel  spills. 

Based  upon  a  26,000-gallon  (98,400-liter)  spill  in  a  120  x  120  x  50  feet  (36.6  x  36.6  x  15.2  meters) 
soil  zone  at  the  Hill  AFB  site,  the  total  cost  range  of  $741,000  to  $1,019,000  translates  to  specific 
costs  of  $4.2  to  $5.8  per  pound  of  hydrocarbon  removed,  or  $27.5  to  $37.8/yard^  of  soil  treated. 
'Fhese  specific  costs  are  comparable  to  those  reported  for  other  ISSV  applications.  Fc:  example, 
costs  for  treatment  of  TCE  (trichlorethyiene)  spills  have  been  given  as  $15  to  $20Ayard’  of  soil 
(Reference  4),  and  $2.8/pound  of  TCE  and  $8/pound  of  TCE  with  no  emissions  control  and  with 
carbon  for  emissions  control,  respectively  (Reference  33).  For  the  general  case,  a  range  of  $10  to 
$50/yard^  of  soil  was  estimated  (Reference  34),  and  a  cost  of  $73/pound  was  given  for  a  400-gallon 
gasoline  spill  (Reference  35). 

As  discussed  previously,  this  cost  estimate  corresponds  to  cleanup  times  of  1  and  2.6  years  for 
a  spill  site  similar  to  that  at  Hill  .AFB.  The  cleanup  tinte  for  such  a  site  could  be  longer  or  shorter 
depending  upon  the  number  of  vents,  the  capabilities  of  the  blowers,  and  the  efficiency  of  venting 
(that  is,  the  ideality  of  contact  of  air  and  contaminants  in  the  soil,  the  actual  contaminant  mixture, 
and  soil  propjcrties).  .As  seen  above,  the  cost  of  the  site  remediation  will  vary  with  the  cleanup  time. 
With  proper  choice  of  flow  capacity,  emissions  control  ^/pe,  and  num.ber  and  type  of  vents,  an  ISSV 
system  could  be  designed  which  would  produce  a  minimum  total  cost.  The  spreadsheet  described  in 
the  economics  section  of  Volume  II  would  be  very  useful  in  such  an  optimization  study. 

For  a  26,000-gallon  (97,700-liter)  JP-4  jet  fuel  spill,  such  as  at  Hill  AFB,  the  spreadsheet  of  Volume 
II  predicts  a  value  of  approamately  $6/pound  for  remediation  by  soil  venting  with  catalytic  oxidation 
as  the  emissions  control  option  without  pilot  test,  confirmatory  sampling,  or  vent  installation.  This 
spreadsheet  uses  standard  cost  estimating  methods,  such  as  using  installation  factors  for  the  major 
capital  equipment  items,  estimating  indirect  costs  (overhead)  as  a  fraction  of  certain  operating 
expense  items,  and  depreciating  the  capital  equipment  costs  over  a  certain  lifetime.  As  seen  above 
for  the  cost  esti.mate  developed  in  this  section,  an  attempt  was  made  to  itemize  most  of  the  cost 
items,  overhead  costs  were  not  included,  and  the  total  cost  of  the  capital  equipment  was  included  in 
the  remediation  cost  estimate.  Considering  the  differences  in  the  two  cost  estimating  methods,  the 
final  cleanup  cost  values  agreed  reasonably  well. 
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TABLE  26.  COST  ESTIMATE  FOR  REMEDIATION  OF  26,000  GALLONS  JP-4 

SPILL  BY  SOIL  VENTING 


Ilezn 

1-Year 

Cost  ($K) 

2.6-Year 

CQst($K) 

Project  management  (0.5  man-years, 'year) 

60 

156 

Preparation  of  project  plans  and  permit 
request  (8  man-months) 

80 

80 

Pilot  test 

Vent  and  pressure  monitoring  well 
installation  (1  vent  and  10  pressure 
wells) 

10 

10 

Equipment 

Blower  (250  cfm) 

4 

4 

Piping 

1 

1 

Emissions  control 

10 

10 

Instrumentation 

12 

12 

Assembly 

15 

15 

Operation  (1.5  man-months) 

15 

15 

Sample  analysis  (6  samples) 

1.5 

1.5 

Pilot  test  subtotal 

68.5 

68.5 

Full-scale  system  installation 

Full-scale  design  (4  man-months) 

40 

40 

Vent  we.l  installation  (14  wells) 

15 

15 

Equipment 

Blowers  and  flame  arrestors 
(2  @  1000  cfm) 

18 

18 

Piping 

50 

50 

Emissions  control 

90 

90 

Instrumentation  (addition  to  pilot) 

5 

5 

Installation  (6  man-months) 

60 

60 

Full-scale  system  subtotal 

278 

278 

TABLE  26.  COST  ESTIMATE  FOR  REMEDIATION  OF  26,000  GALLONS  JP-4 
SPILL  BY  SOIL  VENTING  (CONCLUDED) 


Item 

Operating  costs 

Manpower  (0.5  man-years/year) 
Electricity  (25  hp) 

Fuel  (6,000  gallons/month) 
Sample  analysis  (2/month) 

Operating  costs  subtc.al 
Termination  of  Operation 
Confirmatory  sampling 
Sample  analysis  (100  samples) 
Equipment  demobilization 
Reporting  (4  man-months) 
Termination  subtotal 
Total  costs 


1-Year 

Cost($K) 


2.6-Year 
Cost  ($K) 


60 

156 

17 

43 

31 

81 

6 

16 

114 

. . .J 

296 

25 

25 

25 

25 

50 

50 

40 

40 

140 

140 

$741 

$1019 
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SECnONVI 


CONCUJSIQNS 


This  study  demonstrated  that  it  situ  soil  venting  is  effective  for  remediation  of  jet  fuel  spill  sites 
in  sandy  roils.  Tne  experience  gained  during  this  test  has  provided  additional  infonriation  and  i.nsight 
into  the  applicability  and  factor.?  controliirjg  .soil  venting  systems.  Several  major  points  are  discussed 
in  the  following  paragraphs. 

Pilot  testing  proved  extremely  valuable  for  imp!emeatatic<o  of  the  full-scale  system.  In  situ 
permeability  tests  proved  to  be  a  r^tasonabte  method  for  quick  and  inexpensive  but  accurate 
determination  of  air  permeability  at  various  points  in  the  coiL  A  singie--^at  pilot  test  allowed 
measurement  of  expected  extracted  gas  hydrocarbon  concentrations  zt  well  as  site  data  regarding  the 
effect  cf  soil  conditions  upon  vacuum  requiremeals  arid  flow  distribution.  It  is  recommended  that 
future  pilot  tests  be  operated  for  longer  periods  and  include  a  shuldcwe.,  equilibration,  and  restart 
for  determiaaticn  of  the  importance  of  diffusion  upon  removal  under  the  site  conditions.  Bench -scale 
testing  did  not  prove  to  be  useful  for  accurate  extrapolation  for  prediction  of  full-scale  remediation; 
however,  bench-scale  tests  are  urged  for  determination  of  empirical  site-specific  relations  between 
soil  txmtaminant  concentration  and  equilibrated  gas  concentration  that  would  be  extremely  useful  in 
evaluation  of  the  extent  of  cleanup  during  operations. 

This  demonstration  showed  soil  venting  to  be  very  effective  for  JP-4  hydrocarbon  removal. 
During  the  9  months  of  operation,  voJatilizaticn  removed  105,000  pounds  (47,600  kg),  and  another 
15,000  to  20,000  pounds  (6800  to  9100  kg)  were  assumed  to  have  bwn  converted  by  biodegradation. 
This  corresponds  to  68  to  72  percent  removal  of  the  initial  spill  mass,  of  which  an  unknown  value 
remained  at  the  commencement  of  operation.  Soil  hydrocarbon  levels  were  reduced  by  95  percent, 
and  a  corresponding  drop  of  99  perceut  was  noted  in  soil  gas  levels.  Oniy  7  percent  of  the  post¬ 
operation  soil  samples  exlribited  total  hydrocarbon  levels  greater  than  the  I'JO  mg/kg  Limit  that  is  used 
by  several  states.  Moisture  and  clay  content  could  not  be  related  to  lower  removal  efficiencies  in  this 
test  Shallower  soil  zones  and  areas  with  greater  air  flow  received  greater  treatment 

Hydrocarbon  removal  rates  from  the  full-scale  Hill  AFB  system  were  found  to  be  reasonably 
well-predicted  using  a  simple,  single  equilibrium-stage  Racult’s  Law  model.  This  type  of  model, 
demonstrated  in  the  bench-icale  column  studies  of  Marley  and  Hoag  (ReferenK:  16)  and  suggested 
for  projection  of  removal  by  Johnson  et  al  (Reference  17),  has  now  been  demonstrated  at  the  field 
scale.  Agreement  between  model  and  results  ;  luring  this  demonstrstion  was  facilitated  by  relatively 
simple  geohydrology  and  operation  of  vents  centrally  located  ia  the  contaminated  area.  Sites 
containing  features  which  would  cause  deviation  from  equilibrium  predictions  due  to  poor  air 
flow/contaminant  contact,  such  as  floating  free  product,  contaminant  in  or  on  less  permeable  layers, 
or  poor  geometry  of  vent  within  the  contaminated  soil  volume,  may  be  treated  with  an  equilibrium 
model  as  su'igested  by  Johnson  et  aL  (Reference  17)  through  the  use  of  an  empirically-derived 
efficiency  factor.  Equilibrium  modelling  may  thus  prov'de  a  simple  tool  for  ordcr-of-magnitude 
projections  of  site  cleanup  schedules.  An  alternative  means  of  accurate  projection  would  require  two- 
01  tliree-dimensional  coupled  flow  and  contaminant  transport  modeling,  such  as  presented  by  Wilson 
et  al  (Reference  IS). 
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Application  of  equilibrium  models  to  venting  of  JP-4  cuni  jminatian  shows  that  there  is  a  heavy 
fraction  of  the  fuel  that  is  not  readily  volatilized.  For  instance,  at  a  soil  temperature  of  60"  F 
(15.6°  C),  about  350  liters  of  air  per  initial  gram  of  fuel  is  necessary  for  80  percent  removal  by 
volatilization  oniy.  The  value  for  90  percent  removal  is  about  800  liters  per  gram,  and  for  95  percent 
removal  is  about  15(X)  liters  per  gram.  The  removal  of  the  last  19  to  20  weight  percent  of  the  initial 
spill  by  volatilization  will  thus  greatly  lengthen  operations  and  increase  remediation  co.sts.  This 
remaining  portion  of  the  hydrocarbons  will  be  stripped  of  the  compounds  of  greatest  environmental 
concern  and  will  be  the  least  mobile  by  volatilization  and  other  transport  mechanisms.  Depending 
on  the  regulatory  requirements  governing  a  given  site  remediation,  further  contaminant  removal  by 
another  mechanism  may  be  necessary  for  complete  remediation. 

Biodegradation  enhanced  by  soil  aeraJon  provided  by  in  situ  soil  venting  may  provide  the  means 
of  removal  of  the  heaviest  portion  of  JP-4,  allowing  the  effective  application  of  the  soil  venting  to 
this  hydrocarbon  mixture.  This  demonstration  has  provided  conclusive  evidence  that  aerobic 
biodegradation  of  the  hydrocarbons  in  the  soil  was  occurring  at  significant  rates.  Biodegradation 
proceeded  at  a  rate  of  atKiut  18  percent  of  the  volatilization  rate  with  no  effort  made  toward 
optimization  of  the  process,  by  such  means  as  reducing  extraction  rates,  injection  of  nutrients, 
moistuie  addition,  etc. 

Soil  heating  provides  a  means  for  enhancement  of  hydrocarbon  removal,  by  venting,  and  another 
meaas  for  removal  of  less  volatile  components.  The  seven-week  test  of  heated  air  injection  using 
waste  heat  from  catalytic  oxidizer  stack  gas  has  indicated  the  feasibility  of  this  technique.  A 
measurable  enhani^cment  of  removal  due  to  heating  was  detected.  Tliese  results  suggest  that  a 
venting  system  designed  with  a  uniform  flow  field  for  eve.n  soil  heating  could  remediate  a  site  several 
times  faster  than  an  unheated  case,  with  favorable  economics. 

Based  upon  a  hypothetical  regulatory  closure  criten'en  of  100  mg/lcg  of  hydrocarbons  remaining 
in  the  soil  (i.  e.,  the  limit  set  for  several  states),  the  vertical  vented  site  and  soil  pile  probably  would 
have  met  regulatory  requirements  for  closure  at  the  end  of  this  demonstration.  Thve  post-venting  soil 
sampling  was  not  designed  for  regulatory  purposes  (samples  were  collected  in  a  regular  pattern  rather 
than  randomly);  however,  the  mean  of  the  analyzed  residual  hydrocarbon  concentrations  of  50  mg/kg 
(SE  7  mg/kg)  would  meet  the  EPA’s  published  criterion  for  comparison  with  an  action  level. 

The  total  quantity  of  hydrocarbons  measured  in  the  vented  air  stream  (105,(100  pounds  (47,600 
kg)j,  and  the  quantity  measured  by  difference  between  pre-  and  post-venting  soil  samples  [39,000 
pounds  (17,750  kg)],  differ  by  a  factor  of  nearly  2.7.  We  hyptit.hesizc  that  this  difference  is  largely 
due  to  withdrawal  of  fuel  vapors  from  a  zone  larger  than  the  zone  defined  by  the  soil  samples  which 
were  collected  from  boreholes.  The  magnitude  of  difference  between  these  two  numbers,  in  a  s>'slem 
which  was  relatively  uniform  gcoiogicaiiy  and  from  which  several  hundred  soil  samples  were  analyzed, 
suggests  that  in  most  cases  it  will  be  unrealistic  to  expect  that  pre  venting  soil  analyses  will  yield  .in 
accurate  measure  of  extractable  hydrocarbons. 

The  difficulty  in  establishing  an  accurate  hydrocarbon  mass  balance  in  this  and  other  venting 
studies  suggests  that  methods  to  supplement  pre -veniing  soil  charactcrizaiion  are  needed  to  assess 
the  length  of  time  required  for  fuel  residue  removal  to  a  prespecified  3C..on  level.  One  promising 
method  would  be  to  pcrfoim  bench  studies  !o  derive  site-specific  correlations  of  equilibrated  soil  gas 
hydrocarbon  concentrations  to  soil  hydrocarbon  concentrations  as  a  function  of  the  volume  of  gas 
drawn  through  a  soil  volume.  A  test  protocol  could  be  set  which  would  define  a  necessary  shutdown 
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pcricxl  i'or  equilibration,  followed  by  extraction  of  gas  from  points  distributed  throughout  the  vented 
site.  These  gas  samples  would  be  analyzed  and  compared  to  the  pre-established  action  level  by  use 
of  the  gas/soil  hydrocarbtm  concentration  correlation  developed  in  bench  studies.  To  be  useful  for 
predicting  duration  of  remediation,  it  would  be  necessary  to  demonstrate  by  geologic  examination  of 
borehole  logs  that  soil  vapt^rs  would  in  fact  be  sampled  by  monitoring  probes,  and  would  not  be 
subjected  to  flow  restrictions  due  to  saturated  soil  or  intervening  clay  layers. 

The  use  of  b«‘nch-scalc  testing  and  subsequent  vapor  monitoring  may  also  prove  applicable  to 
final  confirmation  of  site  regulatory  acceptability.  To  be  used  for  this  purpose,  the  site-specific  plan 
for  comparison  with  the  action  level  (e.  g..  testing  protocols,  numbers  and  depths  of  vapor  monitoring 
probes,  statistical  treatment  of  vapor  measurements)  would  need  to  be  negotiated  with  regulators 
prior  to  initiation  ot  venting.  Given  these  caveats,  application  of  gas/soil  hydrocarbon  concentration 
correlations  derived  from  bench-scale  tests  may  prove  both  as  effective  as,  and  less  costly  than, 
post-venting  sampling  for  determination  of  compliance  of  soil  venting  with  regulatory  action  levels. 

An  estimate  of  the  range  of  remediation  cost  for  the  Hill  AFB  site  was  made  using  an 
equilibrium  removal  model,  assuming  initial  mass  equal  to  the  total  initial  spill  amount.  Volatilization 
of  80  percent  of  the  initial  spill  was  specified,  with  an  estimated  additional  15  percent  destruction  by 
biodegradation,  which  would  result  in  an  averaged  soil  concentration  of  less  than  100  mg/kg  total 
hyd:  Karbons.  For  this  case,  a  range  of  1  to  2.6  years  of  operation  would  be  required,  at  a  total 
estimated  cost  of  S741,0(X)  to  Sl.019.000  which  translates  to  $4.2  to  5.8  per  pound  of  hydrocarbon 
removed,  or  approximately  $27.5  to  $.'^7.8('yard^  of  soil  treated.  The  results  of  post-venting  soil 
sampling  suggest  that  the  Hill  AFB  remediation  would  fall  on  the  lower  portion  of  the  cost  range. 
TTiC  application  of  these  cost  numbers  to  other  sites  would  not  be  possible  without  suitable 
information  regarding  the  air  permeability  of  the  soil,  total  spill  volume,  and  contaminant 
characteristics.  Nevertheless,  in  situ  soil  venting  may  be  seen  as  a  prospect  for  effective  and  cost- 
cffiricni  means  of  remediation  of  JP-4  jet  fuel  at  most  Air  Force  site.s. 
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RECOMMENDATIONS 


Based  upon  the  results  of  this  demonstration,  several  recommendations  are  cfiered  for  further 
testing  and  application  of  in  sisu  soil  venting,  as  listed  below. 

•  In  situ  soil  venting  has  proven  to  be  efifective  in  renMval  of  JP-4  from  sandy 
unsaturated  soils  in  this  Geld  study.  Therefore,  the  technology  may  be 
considered  for  remediation  of  jet  fu^  and  other  more  volatile  contatninants 
at  spill  sites. 

•  Prior  to  the  start  of  a  soil  venting  impleineniation,  a  user  should  contact  the 
proper  regulatory  agencies  to  determine  the  necessary  cleanup  standards  the 
technology  must  meet  Soil  venting  will  be  much  more  attractive  if  the 
standards  are  based  upon  such  performance  crittria  such  as  equilibrium  soil 
gas  levels  or  groundwater  levels  in  equilibrium  with  soil  gas  rather  than 
individual  compounds. 

•  Site  characterization  is  important  for  proper  application  of  the  technology. 

An  estimate  of  the  air  permeability  of  the  soil  is  extremely  helpful  for  design 
of  a  pilot  system. 

•  Pilot  'esting  should  be  conducted  at  a  potential  soil  venting  site  prior  to  full- 
scale  system  design  for  investigation  of  the  effect  of  soil  conditions  upon 
subsurface  air  How  (including  but  net  limited  to  a  measure  of  the  air 
permeability  of  the  soil)  and  expected  extracted  gas  contaminant 
concentration.  A  pilot  system  should  be  operated  long  enough  lo  that  a 
shutdown  test  may  ix;  conducted  in  order  to  determine  if  great  deviations  from 
equilibrium  removal  are  to  be  expected.  Such  a  determination  will  be 
extremely  useful  in  projecting  cleanup  schedule. 

•  This  dcmotistration  exhibited  signiGcant  .'ontributions  of  biodegradation 
toward  hydrocarbon  removal  despite  less  than  optimum  conditions  for 
bioactivity.  Future  efforts  should  focus  upon  enhancing  the  rate  of 
biodegradation  relative  to  volatilization.  Such  efforts  will  be  fruitful  both  for 
reducing  costs  by  reducing  emissions  control  requirements  and  for  converting 
the  least  volatile  fuel  components.  All  venting  applications  should  employ 
some  means  for  documentation  of  bioactivity,  such  as  monitoring  of  carbon 
dioxide  generation  and  oxygen  dcplctioo  in  the  extracted  gas. 

•  Enhancement  of  removal  by  heating  shows  promise  both  as  a  uieam  of 
accelerating  site  cleanups  and  applicatioa  of  soil  venting  lo  sites  with  less 
permeable  soil  or  less  volatile  contaminants.  ContLnued  field  study,  coupled 
with  contaminant/heat  transport  modeling,  is  urged. 
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•  Although  tftis  demonstration  proved  in  situ  soil  venting  to  be  effective  for 
removal  of  JP-4  from  sandy  soils  in  a  relatively  simple  geohydrologica!  setting, 
field  testing  should  continue  for  investigation  of  JP-4  and  ottjer  contaminant 
removal  in  less  optimal  removal  cases.  Situations  of  interest  would  include 
less  permeable  soils,  moister  soils.,  and  a  free  product  layer  on  groundwater. 
Such  field  tests  should  be  conducted  for  long  periods  to  prove  feasibility  of 
site  cleanup  as  well  a;'>  high  removal  capabilities. 

o  Although  a  simple  Raoull’s  Law  equiliorium  model  adequately  described 
removal  for  this  demonstration,  such  an  approach  would  probably  not  be 
suitable  for  all  situations.  Coupled  air  flow/contaminani  transport  models 
should  be  developed  for  more  accurate  prediction  of  site  cleanup.  With  this 
goal,  bench  testing  should  continue  for  determination  of  the  imixertance  of 
various  factors  such  as  moisture,  soil  organic  content,  contaminant  type, 
diffijsion,  etc.  upon  removal  mechanism  and  rate. 
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FABLE  A-l.  SOIL  CHARACTERISTICS;  EXCAVATION  BORINGS  AND  BORINGS  M  (V7)  Af^lD  41 

(CONCLUDED) 


TABLE  A-2.  VARIABILITY  OF  MOISTURE  CONTENT 
IN  HELD  SOIL  SAMPLE  REPLICATES 


Bcrahoiai 

Deotfi  Bi.3  <ft) 

!  Water  Contanti 

C.  V. 

No.  1 

Too 

i  Bottom 

!  (%  Dry  Wt) 

Mean  (%) 

S.  E.  (%) 

(%  of  moan) 

i  1  1  1  :  1  !  ( 

1  1  i 

10.5 

i  12 

i  6.11  i 

5.47  i 

0.91  ; 

16.63 

1  ^  ' 

10.5 

i  12 

i  4.S2  i 

1 

1 

1 

2  i 

23.5 

!  25 

!  10.12  1 

7.51  1 

3.69  1 

49.05 

2  1 

23.5 

i  25 

4.91  1 

1 

1 

3  1 

13.5 

i  15 

7.17  1 

6.73  ' 

0.51  1 

9.1  1 

3  I 

13.5 

!  1 5 

6.30  1 

1 

1 

4  i 

18.5 

i  20 

4.51  i 

4.37  ! 

0.52  1 

10.58 

4 

18.5 

i  20 

5.2» 

5  i 

4.5 

‘  s 

4.20 

4. OS  i 

0.16  ! 

3.79 

5  1 

4.5 

5 

3.98 

! 

! 

6  1 

13.5 

15 

4.60  i 

6.65  i 

2.89  ! 

43.53 

S  i 

13.5 

15 

8.70  I 

I 

1 

9  1 

4.5 

6 

6.41  1 

6.86  i 

0.64  i 

9.36 

9  1 

4.5 

6 

7.31  ; 

1 

-  - T 
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15  1 

15.66  ! 

10.94  1 

6.67  j 

60.96 

10_J 

13.5 

15  i 

6.23  i 

i 

i 

1  4 

13.5 

15  1 

5.93  i 

5.15  i 

1.11  1 

21.55 

1  4  1 
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4.36 

i 
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13.5  j 
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1 

1 

Y 
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6  ! 

4.47  ' 

4.57  i 
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2.82 

Y  1 

4.5  1 
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_ L 

1 

1 

I 

1 

Mean:  I 

20.90 

j _ ^ ^ □ 
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TABLE  A-3.  MOISTTJRE  CONTENT  OF  SAMPLES  FROM  VENT  WELL  BORINGS 


Gr.  Junct. 


Samo.  No.  i 


4104 


4106 


4103 


4110 


4  112 


41  14 


4116 


41  18 


4120 


4122 


4125 


4127 


4128 


4130 


4132 


4134 


4136 


4138 


4140 


4140 


4143 


4145 


4147 


4149 


4151 


4153 


4155 


4157 


4159 


4161 


4163 


4166 


4167 


4169 


4171 


4173 


4  1  73 


4175 


41  76 


4173 


4180 


4182 


Water  Content 


3 

5 

9 

12 

15 

15 

20 

25 

3 

6.56 

6 

5.10 
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Gr.  Junct 


Samo.  No. 
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TABLE  A-3.  MOISTURE  CONTENT  OF  SAMPLES  FROM  VENT  WELL  BORINGS 
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Gr.  Junct 


Same.  No. 


4349 


4360 


4352 


4334 


4356 


4358 


4360 


Berenoia 


No. 


V14 


V1  4 


V14 


V14 


VI  4 


V14 


Vl4 


S 


V6 


VS 


V6 


V6 


V6 


V6 
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FABLE  A-.L  MOiSToRE  CONTENT  OF  S.AAIPLES  FROM  VENT  WELL  BORINGS 

(CONG-UDED) 
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Borahofa 

Depth 

a!.S  {ft) 

V/ater  Content 

SartiD.  No. 

No. 

Tap 
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(%  Dry  W?)* 
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V9 

4.5 

1  5 

5.41 

4527 

V9 

4.5 

>  6 
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V9 

7.5 
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10.5 

i . 1  2 
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V9 

^3.5 
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6.71 
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VO 
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23. 5 
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3.71 

454  1 
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33.5 

35 
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4543  1 

VO 

33.5 
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7.00 

4545 _ ^ 

V9 

43.5 

45  1 

25.94 

4547  1 

V9 

48.5 

fo _ 

17.98 

1  i 

•(Wa*  Wi  ■  Cry  VVi)/Or/  Wt  x  100% 

'  >  1 

-  1 

1 
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TABLE  A-6.  PRE-VENTiNG  HYDR0CAP30N  ANALYSES;  BENEATH  FUEL  TANKS 
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Total  HC 

!  GJ 

ACO  Samp  No. 
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'“o'sTi 

1  6 

1 1  0 

12.0  ■ 

300 

16110471 1 

1 

371109 

L535 

1  6 

11.0 

12.0  i 

F 

400 

161104711R 

1 

871 109 

^96  ' 

1  6 

12.0 

13.0  i 

( 

100 

161104712 

i 

871109 

097 

1  6 

13.0 

14.0  '< 

i 

600 

161104713 

1  871109 

098 

1  6 

14.0 

15.0 

600 

161104714 

i  371109 

099 

1  6  i 

15.0 

16.0  1 

400 

161104715 

1  871109 

100 

1  6 

16. vy  i 

17  0  ' 

i 

300 

161104716 

871109 

101 

1  8  i 

1.5  ^ 

2.7  1 

100 

181104701 

071109 

128 

1  8  i 

7,5  i 

8.2  1 

i 

5000 

181104707 

371  109 

129 

1  8 

12.5 

13.0  ' 

B 

200 

181104712 

371 109 

130 

23  1 

2.5  ' 

3.5  1 

i 

900  i 

231105702 

871 1 03 

164 

23 

7.5 

8.6  ^ 

1 

2100  i 

231105707 

871109 

165 

1 

3.6 

F 

2200 

231105707R 

871109 

1  66 

1 

BbUS 

12.3  1 

13.2  i 

B  i 

300  i 

231105712 

871109 

167 

24  ! 

1.5  i 

2.5  1 

1 

“5500  T 

241105701 

871 109~T 

152 

24 

1.5 

2.5  ' 

r  : 

1100  1 

241 105701H 

871109“^ 

153 

24  i 

7.5  ! 

8.5 

3200 

241105707 

871109 

154 

24 

10,8 

11.3 

8 

1  700  i 

241105710 

871109 

155 

24 

1 1 ,3  i 

12.0  i 

3 

100  i 

241105711 

871109 

156 

25 

1,5 

2.5 

700  i 

251105701 

871109  1 

166 

25 

7,5  ' 

8.5 

400  1 

251105707  1 

871109  I 

..16.0 

25 

12.2 

12.7 

8 

<100  : 

251105712  I 

371109  I 

17C| 

227 


TABLE  A-6.  PRE- VENTING  HYDROCARBON  ANALYSES:  BENEATH  FUEL  TANKS 

(CONCLUDED) 


Borehcie 

Dapih  BL3  (fi)' 

i  .Bamp. 

:  TotaJ  HC 

1  GJ 

ACD  Samp  No. 

No. 

Top 

HTfli 

1  (mg/kg) 

!  Samp  No. 

Date 

mm 

26 

1.5 

iHmi 

i  200 

:  261105701 

871109 

26 

7,7 

a.s 

r 

2900 

j  26110S707 

871109 

15S 

26 

12.8 

13.6 

B 

600 

1  261105712  i 

871109 

1  159 

27 

1 .5 

2.5 

400 

i  271105701  ^ 

371109 

i  1 60 

27 

7.8 

3.5  i 

1800 

1  271105707  i 

871109 

'  161 

23 

1,5 

2.6  1 

1700 

1  281106701  ! 

371109 

i  171 

23 

1.5 

2.6 

F 

2000 

i  281106701R  i 

871109 

1  172 

28 

7.4 

3.2  i 

<100 

!  281106707 

871109 

28 

12.2 

12.7 

B 

<100 

i  281106712 

871109 

29  1 

1.5 

2.5 

<100 

i  291106701  1 

871109 

1  75 

7.4 

8.5 

<100 

!  291106707  ; 

871109 

1  75 

SraS 

12.0 

12.8 

B 

<100 

1  291106712  i 

871109 

177 

30  1 

1.5 

2.5 

1000 

301105701  i 

871109 

149 

30  1 

7.5 

8.5 

100 

301105707  1 

871109 

150 

3  0  1 

12.2 

13.0 

3 

<100 

301105712  j 

871109 

151 

;  1 

TB 

<100 

00:104700  j 

871109 

114 

!  1 

T3 

<100 

001105700  1 

871109 

1  48 

;  i 

TB  ' 

<100 

C01106700  ' 

871109 

1  63 

:  ! 

. ’7'  1 

'Measured  from  floor 

of  tank  excavation 

; 

••B»8iased 

samDie:  F 

-field  replicate:  TB-trio  blank. 

i 

TABLE  A-7.  PRE  VE.N'nNG  HYDROCARBON  AN, \I.YSES;  INITIAL  EXPLORATORY 

BORINGS  IN  V'ERTICaL  VENT  AREA 


Borehoia 

Depth  BLS  (ft) 

Samp.  1 

Total  HC 

GJ 

ACD  Samp  No. 

No. 

Top 

Btm 

Tvpu" 

(.TIp/KS) 

Samp  No. 

Date 

No. 

31  ! 

— i'o 

1  2. .5 

[ 

,.100 

i  311218701 

1  371223 

025 

■  31  "t 

5.0 

1  6.5 

■  j' 

200 

^  311218705 

371223 

31  i 

10.0 

i  11  .5 

:  . 

300 

i  311218710 

t  371223 

31  ; 

15.0 

'  16.5 

i 

clCO 

I  31121S71S 

871223 

31 

20.0 

21.5 

<  1 00 

311218720 

371223 

029 

31 

25.0 

26.5 

J  i 

<!C0 

.  311213725 

371223 

^  03C 

31 

30.0 

31.5 

<1C0 

!  311218730 

871223 

31  i 

35.0 

i  2S.5 

,  ) 

<100 

:  311213735 

3712.23  - 

31 

40.0 

1  41.5 

1 

<100 

311218740 

871223 

033 

31 

45.0 

46.5 

! 

<100 

311213745 

871223 

KBI 

31  i 

50.0 

51.5 

j 

<100 

:  311218750 

371223 

035 

*4^ - ^ 

1.0 

2.5 

i 

nco 

411219701 

871223 

033 

41  i 

1.0 

i  2.5 

F  ! 

2300 

411219701R 

871223 

039 

41  i 

5.0 

1  6.5 

i 

2C0 

4M219705 

871223 

040 

4  1  1 

10.0 

‘  11.5 

1 

nco 

‘  41  1219710 

871222 

04  1 

4 1  ! 

15.0 

!  16.5 

<100 

1  411219715 

871223 

04  2 

4  1  ' 

20.0 

21.5 

<100 

41121S720 

871223 

043 

4  1 

25.0 

'  26.5 

, 

<100 

i  411219725 

371223 

4  1  i 

30.0 

31.5 

; 

800 

1  41 1213730 

871223 

■«gi« 

4 1  1 

35,0 

36.5 

1 

<100 

41  1219735 

371223 

046 

4  1  1 

40.0 

1  41.5 

! 

<100 

1  411219740 

S71223 

04  7 

4  1 

45.0 

!  46.5 

; 

<100 

-  41121974S 

871223 

043 

4  1 

50.0 

1  51.5 

<100 

411215750 

871223  ■ 

042 

4  1 

50.0 

51.5 

F 

o 

o 

V 

41 1219750fl  1 

371223 

050  1 

42  1 

6.0 

i  6.5 

! 

655 

4001  ; 

880608 

11  4  j 

42  ! 

16.0 

16.5 

I 

<20 

4003  1 

880608 

113 

42 

51.0 

i  51.5 

1 

<20 

4018 

830610 

046  1 

42 

52.8 

'  53.1 

B  ' 

<20 

4025  ! 

680610 

050  1 

42 

56.0 

1  56.5 

<20 

4020 

880610 

047 

42 

61 .0 

61 .5 

: 

<20 

4022  ! 

88C610 

048 

42  1 

64.1 

i  64.3 

S 

<20 

4026  1 

380610 

051  1 

42 

56.0 

!  66  5 

<20 

4024 

880610 

43 

6.0 

1  6.5 

460 

4023 

880610 

4,3  1 

16.0 

i  15.5 

1 

1780  j 

4032  i 

880610 

4  3 

51 ,0 

1  51.5 

<20 

4046 

880610 

43 

56. 0 

'  56.5 

<20 

4048 

880610 

063 

<3 _ , 

66.0 

'  66.5 

<20 

4053 

880610 

066 

43 

■/I  .0 

I  71.5 

<20  i 

4055  1 

880610 

057 

43 

73,0 

73.5 

P 

<20 

4056  ' 

830610 

068 

43 

76.0 

i  76.5 

<20 

4058  1 

380610 

069 

43 

81  .0 

1  81.5 

<20 

4060  j 

880610 

070 

43 

32.5 

83  C 

s 

<20 

4061  ! 

880610  . 

071 

43 

86.0 

86  5 

<20 

4063 

380610 

0  72 

43 

80.0 

'  30  5 

<20 

4065 

880610 

073 

44 

6.0 

6.5 

545 

4067 

080613 

1  95 

44 

51  0 

51.5 

<20 

4083 

880613 

2C3 

229 


TA^LE  A-7.  PRE-VENTING  HYDROCARBON  ANALYSES:  INITIAL  EXPLORATORY 

BORINGS  IN  VERTICAL  VENT  AREA 
(CONCLUDED) 


j  Bcrehois 

Depi.h  B£ 

-S  («) 

Samp. 

Total  HC 

GJ 

ACD  Samp  No. 

!  No. 

Top 

Stm 

Type*' 

(i!is'‘‘gL_ 

Samo  No. 

Data 

No. 

44 

53.7 

,54.2 

e 

<20 

4084 

880613 

204 

44 

58.2 

58.7 

e 

<20 

4087 

380613 

44 

61.0 

61 .5 

<20 

40S0 

380613 

44 

66.0 

66.5 

<20 

4092 

360613 

208 

j  44 

71  .0 

71.5 

8 

<20 

4094 

880613 

'  209 

1  44 

72  0 

72.5 

<20 

4006 

880613 

21  1 

j  4  4 

75.0 

76.5 

<20 

4098 

880613 

212 

44 

31.0 

81.5 

<20 

4100 

830613 

213 

1  44 

86.0 

86.5 

<20 

4102 

830613 

214 

j 

TB 

<100 

0n21970C 

871223 

036 

1 

TB 

<100 

021219700 

871223 

037 

■■HI 

■■III 

T5 

O 

V 

4027 

880610 

052 

f 

TS 

<20 

4095 

380613 

210 

‘8«Siased 

samoie:  P.lieid  feo-'icata:  T9. 

ifiD  blank. 

TABLE  A-8.  FRE-VENTING  HYDROCARBON  aYNALYSES; 
V'ERllCAl,  VTENT  BORINGS 


35.0 

40.0 

4 

5.0 

4 

3.5 

1  50.0 

Sa-Tio.l  Totai  HC 


<20 


<20 


<20 


<20 


<20 


<20 


<20 


(<20)' 


i<20) 

'<20) 


(<20) 


(<20 


(<20 


<20 


<20 


320 


1400 


1800 


2.100 


SCO 


5700 


70 


<20 


90 


<20 


<20 


<20 


4132 


4134 


4136 


4138 


4140 


4140 


4143 


41  45 


4147 


4149 


41.51 


4153 


4155 


4104 


4106 


4108 


41  1  0 


4112 


4114 


41  1  6 


4113 


4120 


4122 


880818 


880818 


380313 


38081 


380818 


880S18 


830318 

158 

380817 

’  073 

88081 7 

079 

880817 

080 

88081 7 

081 

880817 

082 

88081 7 

083 

380817 

084 

380817 

085 

83081 7 

086 

880817 

087 

880817 

083 

880017 

089 

880817 

090 

880817 

091 

880823 

047 

880823 

048 

880823 

049 

880823  I 

__Q50 

380823 

051  ' 

380823  ’ 

052 

380823 


880323 


880823 


880823 


880823 


880823  I  060 


380823  i  061 


830823  :  062 
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'ABLE  A-8.  PRE- VENTING  HYDROCARBON  ANALYSES; 
VERIICAL  VENT  BORINGS 
(CONTINUED) 


Borenota 


Total  HC 


'  S80823 


I  8E0S23 


380323 


3S0S23 


j  380823 


I  880823 


380823 


880823 


380323 


4207 

880623 

031 

4393 

380901 

'  560 

4336 

880901 

061 

4337 

880901 

062 

4399 

880901 

063 

4401 

880901 

064 

4408 

380901 

068 

4403 

880901 

065 

i  380901 


I  880901 


I  880901 


i  880831 


!  880831 


4371 

880831 

4373 

880831 

4373 

880831 

4377 

380831 

4379 

880331 

4379 

380831 

4381 

880831 

4383 

880S31 

4385 

880631 

4387 

kbqbi 

4339 

880831 

4391 

880831 

4391  i 

380831 

4257  i 

88d82"4 

880824 


880324 


TABLE  A-S.  PRE-VENTING  HYDROCARBON  ANALYSES: 
VERTICAX  VENT  BORINGS 
(CONTINUED) 


1  Soretioie 

j3am; 

.1  Toiai  HC 

1  _ 

No. 

imsm 

i  Bfm 

Type 

Date 

No. 

V8 

F”  s  o 

<zo 

4261 

880824 

oeF"^ 

V3 

1  10.5 

1  12.0 

1“  ■ 

c2C 

1  4263 

380824 

066 

V3 

13.5 

1.5.0 

<20 

4265 

!  880824 

067 

VS 

18.5 

1  20.0 

(<20) 

4268 

1 

V3 

Z“23,5 

25.0 

<20 

4270 

j  380824 

070 

V3 

i  23.5 

25.0 

I  L 

<10 

4270 

830824 

070 

78 

IKO 

27.5 

I  ® 

S5C 

4273 

880824 

072 

va 

28. .5 

) 

1<23! 

4272 

■T— - - 

1 

V8 

28,5 

1  30.0 

i  F 

4274 

1 - 

V3 

33.5 

T  35.0 

(<23) 

427S 

V3 

WKEm 

s 

560 

4278 

830824 

1  075 

va 

mam 

iB 

{  4280 

860824 

1  075 

V8 

46.5 

47.0 

i  9 

5530 

1  4283 

380824 

j  078 

V8 

48  5 

50.0 

am 

i<20) 

4282 

1 

V3 

1 .5 

3.0 

mm 

2SC0 

4523 

T  880915 

059 

V9 

6.0 

■■i 

2M0 

4.626 

V9 

sa 

F 

2:'30 

4527 

380915 

061 

V9 

WbS 

3,0 

WM 

'BBi 

4523 

83091 S 

062 

V9 

^0.5 

12.0 

4531 

380915 

063 

V9 

i3.5 

15.0 

SB 

4533 

8B0915 

071 

_ £9__J 

18.5 

20  0 

ai 

4535 

36091  s’”! 

FcieT 

V9 

18  5 

20.0 

n 

4535 

380915 

064 

V9 

23.3 

25.0 

<20 

4537 

065 

V9 

23.5 

30.0 

2B20 

4539 

38091  5 

066 

V9 

33.5 

35  0 

850 

454  1 

^  300915 

067 

V9 

40.0 

213 

4543 

800915 

’  068**^ 

1  V9 

43,5 

45.0 

<23 

4545 

880915 

069 

V9 

48.5 

50.0 

<20 

4547 

880915 

Ural 

!  V10 

:".5 

9.0  i 

1C3C 

4499 

380913 

1  VI 0 

7.5 

9.0 

L 

1130 

4499 

380913 

”2661 

1  V10 

10.5 

12.0 

24C0 

4501  1 

880913  1 

VI  0 

13.5 

15.0 

2G<30 

4504  1 

380913  i 

268 

13.5 

MEEmi 

IB 

seco 

KTREIEMI 

263 

VI 0  j 

13.5 

mami 

EBi 

14.23 

4505 

380313 

269 

V1  0 

1C. 5  I  20.0  ! 

ZZI 

24:3 

4507 

880313 

270 

VI 0  1 

23.5 

25.0  j  1 

2*:o 

4509 

880913 

271 

VI  0 

20.5 

30.0  j 

<20 

451  1 

880913 

272 

VI  0 

33.5 

35.0 

<23 

4513 

830913 

273 

VI  0 

38.5 

39.0 

s 

6320 

4514 

S80913 

277 

V-IO 

33.5  T 

39.0 

US 

6  #30 

4514 

8009*13  ! 

277 

_ V_^0 

35  0  T 

40.0 

40 

4516 

880913  1  274 

V  i  0 

4.3.5 

45.0 

40 

4513 

880913  i  275 

VI  0 

48.5 

5C.0 

I 

<23 

4520 

380913  r  276 

VI  1 

1.5 

3  0 

j 

1  soo 

4203 

830323  1  082 

VII  T 

4.5 

6.0 

I 

<23 

421  1 

380823  1  083  j 
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TABLE  A-8,  PRE-VENTING  HYDROCARBON  AN,VLYSES; 
VERTICAL  VENT  BORINGS 
(CONTINUED) 


TABLE  A-8.  PRE-VENTING  xTlT)ROCARBON  ANALYSES: 
VERTICAL  VENT  BORINGS 
(CONCLUDED) 


T.\BLE  A-9.  PRE  VENTING  HYDROO\RBON  ANALYSES;  PILE 


Borahols 
No.  ~ 

P1 

P1 

P1 


P2 


^ _ Papin  aLS  (ft 

I  Tod  Stnr 

t— — — — — - - 

!  1 _ Z_ 

r  3.2  :  4,2 

I  6.4  7.4 


>  (ft)  Samp.;  Toiai  HC _ ^ _ 

atn^  Typa*' _ (wg/kq)  !  3amp  No. 

2  '  I  <i0  !  4562 

4,2  : _ ' _ <10  i  4563 _ 

7,4  I _ r~  1400  4  554 


2  ,  i  18C  i  4653 


230  I 


ACD  Samp  No. 

_ Date  _ No. 

381111  .037 

381111 _ 038 

33~mi  039 


881111 


331111 


881111 


881111 


38111 


881111  ■ 


381111 
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(Tnc  rcrvcrw  of  this  page  is  blank.) 


TABLE  B-1.  CCX3RDINATES  OF  VENTS,  PRESSURE  MONITORING  POINTS,  .ANT 

NEUTRON  ACCESS  TUBES 

(ALL  VALUES  IN  FEET) 
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70.1  i 

v8 

5  i 

63n 

v9  ' 

PH  2  ! 

8-3.1  1 

V1Ci 

107  i  : 

67  5  : 

‘/II 

•27  7  1 

66  7  j 

vi;- 
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PRESSURE  MONITORING  POINTS 

VERTICAL  SUBSYSTEM 


PRESSURE  MCNITORUG  POINTS 
VERTICAL  SUaSVSTEM  (CON Tt)) 
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EW 

N/2 
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66.sl 

4! 
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[.  e  .1 
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451 
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M  '■f  9  ^ 

85  7  • 
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TABLE  C-2.  SUMMARY  OF  THA  RESULTS 
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25418 

522557 

20867 

902463 

18206 

2265316 

11243 

15 

45372 

36711 

22484 

182733 

24  787 

529707 

2C'fi68 

906155 

18206 

2336487 

11031 

SO 

45372 

36345 

28008 

188763 

25512 

526756 

2C016 

908002 

17585 

2374409 

10700 

77 

45372 

3701 S 

2CS78 

'94036 

25158 

541162 

20079 

90S8&4 

17685 

2389860 

IOI8.5 

KX) 

45372 

37748 

23237 

198555 

25297 

554174 

2C038 

941881 

17333 

24257.00 

10398 

114 

45372 

37747 

22484 

203111 

24  791 

.55.9S« 

19255 

941881 

17633 

2402968 

19225 

uO 

45372 

37E81 

45772 

207707 

2421 1 

576090 

19036 

949723 

17813 

2512801 

11111 

'?.9 

46377 

30131 

67453 

212302 

23612 

593834 

19047 

950896 

17251 

2534432 

10356 

?1i 

45372 

38169 

48161 

216859 

23566 

599193 

19047 

961514 

18351 

2552550 

10051 

45372 

38222 

25530 

n^m 

2401 5 

^5242 

20112 

96*1409 

183-19 

2591988 

111)92 

349 

46372 

39:?34 

24662 

23!082 

23889 

599294 

20112 

573202 

18437 

2652177 

13056 

:39 

45372 

41056 

24662 

234<>«3 

24020 

5993 55 

2C-113 

967946 

17760 

2663924 

11220 

2G3 

45372 

42261 

25041 

241510 

23642 

5993J<! 

20112 

999239 

17923 

2678190 

11141 

775 

46372 

43253 

25‘:o3 

247534 

23613 

599603 

20112 

1032702 

17148 

2708987 

10705 

306 

45372 

44  754 

24586 

23 1 300 

23884 

5996  7'0 

20112 

1041334 

16626 

2745427 

10372 

342 

43372 

46738 

24624 

255316 

2-»ia2 

599753 

20112 

1046099 

16750 

2818346 

10662 

361 

4537? 

47801 

23711 

265113 

23CS5 

599844 

20112 

1053628 

16467 

2851334 

10351 

4<11 

45372 

49375 

24596 

270973 

23302 

600092 

X112 

106021 6 

19370 

2875640 

10450 

461 

45372 

49973 

246  :5 

275519 

23 ’.83 

800307 

21C46 

1064651 

20598 

2915573 

10456 

522 

45372 

52797 

24503 

280114 

22993 

6C:i288 

20391 

1091562 

17582 

2995492 

10218 

562 

45372 

55319 

27985 

284709 

22622 

608692 

20391 

1126383 

17610 

3055404 

10CO4 

533 

45372 

57362 

27759 

239774 

23237 

3083.51 

20297 

1130718 

18611 

3084031 

£7,136 

671 

45372 

69916 

27318 

293825 

226.5.> 

20654 

1138056 

19506 

3170509 

9531 

505 

45372 

624  70 

27845 

298343 

2146. 

81'VcO 

21934 

1151984 

16205 

3197612 

10677 

770 

45372 

64684 

27197 

305748 

24  ,'<52 

614391 

20540 

1158456 

16119 

3221783 

10076 

15  75 

45372 

66545 

27070 

309451 

24713 

614391 

18845 

1187133 

15905 

3261793 

9968 

2'  1  * 

45372 

68731 

27821 

3^-895 

23C.50 

31  54  54 

19961 

1225413 

16438 

3333409 

9025 

2217 

45372 

71591 

77262 

322041 

23109 

629209 

20‘304 

1233602 

15720 

3351444 

9906 

2523 

45372 

73511 

28288 

333835 

232’3B 

823983 

18717 

1245679 

15929 

3367715 

8667 

?6.Xi 

45372 

75617 

282S2 

33915C5 

22904 

632332 

19741 

1257809 

18131 

3400884 

5722 

2651 

45372 

77107 

27585 

345480 

22929 

635880 

18709 

1270696 

15930 

3426523 

972! 

3336 

45372 

80098 

27600 

350211 

TOi'OS 

639185 

18874 

1326619 

15994 

3515196 

10014 

4647 

45372 

33067 

26777 

385401 

229'' 7 

640818 

18845 

1332102 

15994 

3538404 

8563 

V'S 

45372 

30744 

27150 

360995 

23W9 

657'695 

167:9 

133305v6 

16310 

3552172 

9695 

6920 

44  724 

88250 

27275 

377130 

22833 

ti64V07 

18429 

1361812 

15369 

3587282 

9597 

64  36 

44  724 

90  ”91 

26164 

38M58 

22660 

870»'e« 

188OC 

1409217 

150-.13 

3620968 

9687 

lOi-OS 

44076 

33676 

28177 

.183953 

875629 

18381 

1420838 

15063 

3714489 

8687 

12099 

43752 

96731 

ill ’20 

794P27 

20795 

883778 

17995 

M'j9338 

15280 

3727124 

10132 

13539 

43752 

100844 

28194 

413913 

M47i 

.3>)5462 

19149 

1450781 

15190 

3727124 

9860 

1501 

44076 

1C3379 

28038 

42CO40 

20280 

707382 

17809 

14  75055 

15086 

3743601 

9262 

1513* 

44073 

1 0f 945 

20733 

<■27699 

19473 

713511 

19153 

1646954 

13775 

3812366 

9051 

1  f.44  5 

-.4078 

'10031 

26484 

433777 

2J')14 

71  7317 

19538 

1693141 

16179 

383747-1 

8583 

1 7650 

44076 

112138 

26737 

441315 

19422 

.TIOOl 

19608 

1704517 

15489 

3S53307 

8097 

1'44  5l 

42  750 

1 1 7724 

27379 

45'>:'21 

13701 

7280  27 

1954  7 

1717855 

16210 

3873901 

0814 

?;<44i 

119749 

25982 

453<'-82 

19'383 

n2073 

19572 

1733185 

16162 

3039091 

C^OO 

2*457 

42750 

122761 

27-'^3 

451302 

2178/ 

no4io 

19163 

ir!.0623 

15961 

4013708 

ti520 

23 '03 

42750 

127078 

277S9 

453573 

72855 

738.976 

19166 

1805016 

15484 

4034185 

MOO 

25015 

42780 

129734 

27265 

453718 

21437 

77:2913 

19730 

IM’SBei 

16702 

4046577 

SOM 

77  rot 

41433 

133387 

28781 

453750 

21  WO 

,•84510 

13047 

1870565 

16452 

4083847 

8459 

78'.20 

42750 

13C278 

28382 

4531)78 

21955 

7906  78 

18483 

*367717 

15.581 

4140.391 

8457 

30112 

41453 

138401 

26774 

45.1332 

21488 

7l«757 

111414 

1905934 

15468 

4208369 

8442 

31476 

41433 

141596 

25770 

458348 

20808 

79W82 

18827 

1942733 

15064 

4232232 

8315 

17615 

414H3 

146333 

25658 

481741 

21 738 

803‘.91 

18783 

1987349 

14317 

42  505V48 

8219 

35’i1 

41453 

151i>40 

25751 

48i;;'iM 

21193 

813453 

19145 

21)14372 

15159 

4277310 

8233 

35<*46 

W24 

154423 

25'>1.1 

475/68 

21775 

820790 

18532 

2048530 

15053 

4318004 

8204 

3574^7 

1874K( 

157487 

25012 

*3197? 

21149 

So'XIOl 

13622 

2115047 

16889 

4407062 

9509 

35  £66 

17666 

1«f*14 

75629 

480804 

20973 

877005 

18547 

2136153 

14t.134 

4423059 

8449 

257 


T\BLE  C-2.  SUMMAJIY  OF  IHA  RESULTS 
(CONCLUDED) 


CUMUL 
a  1  FT 

THA 

PPM 

aiMIJL. 
O'  FT 

THA 

POM 

OAtL 

0  ' 

THA 

DPM 

CUMUL 
ai  FT 

THA 

OPM 

CUMUL. 

Cl' 

THA 

PPM 

■1^  73271 

7966 

7400 155 

1.9728 

1t.**oS48 

9721 

274  76.654 

"  2587 

’.267  72S72 

710 

4515532 

3010 

7434121 

17903 

1050-5583 

7137 

:77!589207 

3103 

129726G36 

715 

4613898 

7995 

7442079 

8735 

10*1 2322 

9482 

29310684 

.3149 

130587185 

7l3 

4644349 

8206 

7448003 

11806 

(08c£366 

3313 

31091820 

33.30 

131438583 

700 

4675886 

8603 

7448603 

16783 

ic«a8S3a 

3658 

34502784 

3199 

133319229 

670 

4737002 

8418 

7499541 

17403 

10SC38O8 

3530 

35883121 

3188 

135076133 

640 

4846249 

8373 

7532379 

10399 

1-09038  ce 

8633 

37108583 

3110 

136980705 

609 

4867623 

8312 

7596556 

12802 

*.0903806 

8630 

3&639889 

3099 

140740373 

555 

4884160 

8292 

76228/5 

15709 

10913737 

8030 

39639889 

1785 

142650341 

527 

4635646 

8159 

7685060 

16247 

10908090 

9130 

38?"e7697 

2106 

147245954 

472 

4668487 

8063 

7773839 

16352 

11297654 

3349 

39a3.i.>228 

2106 

149999182 

411 

5082783 

7337 

7871140 

15954 

1*733982 

12275 

38830220 

2847 

153741556 

300 

5167501 

7767 

7335301 

15866 

1137*628 

11332 

33891741 

2847 

158531685 

399 

5304061 

6350 

7966231 

14992 

HXTuI? 

9478 

40743301 

1413 

■160527326 

377 

5334026 

7970 

8040535 

13307 

11472787 

6823 

41066237 

3758 

162444987 

407 

5410538 

8362 

8077302 

17312 

ir4.305SS 

739? 

41316283 

4608 

167373028 

360 

5425267 

7404 

8077302 

17856 

11S3SC77 

7290 

41405668 

5156 

5462653 

7743 

8138432 

17870 

11*S53387 

0114 

41405668 

2778 

'  5532646 

8044 

81  ri&432 

17903 

11381627 

6797 

41020757 

2778 

5568770 

7039 

8228285 

17024 

12011457 

2574 

41620757 

2981 

5588840 

3024 

8264299 

12281 

12110C50 

2967 

42109406 

3028 

5649050 

6096 

331595' 

12272 

12126130 

3468 

42826561 

3017 

5764720 

7078 

8072302 

9799 

I241S25S 

3748 

44351256 

2833 

5690879 

8741 

8103587 

9247 

124459.38 

24  n 

46198455 

2714 

5699531 

6768 

3211334 

14379 

i2S5a>eo 

3845 

48934570 

2496 

6034491 

0S83 

8297700 

14361 

12582234 

4326 

49068185 

2931 

6050405 

6469 

8297700 

12781 

12703670 

4235 

5084112S 

2708 

6109115 

7595 

8391780 

12042 

12718699 

2426 

52274818 

7740 

62‘!1-:55 

7309 

8463196 

14055 

12739749 

2423 

534S1860 

2505 

6253640 

7723 

8562(309 

11002 

'2733749 

2426 

54  0  71668 

2403 

6323234 

0812 

8335737 

12337 

12S57701 

(5235 

55016965 

3022 

6333130 

(1841 

861 7833 

12322 

1290.6542 

9042 

57915754 

2704 

6462379 

0456 

8617833 

13100 

131*5942 

6754 

59497118 

2464 

64  77359 

6442 

0701660 

12184 

13227446 

2986 

60637026 

2379 

64  77359 

71487 

8753366 

13536 

I32390C3 

3088 

60776790 

2918 

649723.0 

21253 

8857013 

13984 

13566932 

2560 

62348490 

2618 

4528'754 

2186? 

889.,  956 

13330 

13593537 

7320 

83470195 

2500 

6566691 

217172 

8077068 

13430 

13875805 

7330 

64739997 

2344 

6621  788 

201758 

9021615 

13022 

14062913 

10271 

69260314 

1972 

6651857 

21406 

i»70782 

13022 

14377952 

9773 

00266314 

1768 

0056903 

20551 

9026782 

11291 

14455992 

9200 

73006614 

1760 

1:674813 

21359 

9124409 

•1121 

14730205 

8431 

77272639 

1950 

6710104 

21725 

9131225 

091 

149687SS 

8364 

78536260 

1725 

a740;TW0 

2C184 

9142477 

9»4 

152B7843 

7544 

80038109 

1425 

6748117 

24473 

9149294 

11795 

153124  02 

7777 

61214490 

1350 

6802  .'03 

74074 

9158746 

11709 

15313378 

7B78 

06MOO75 

12IJ0 

0036.^08 

73380 

9182019 

11tuW 

15052028 

0377 

90954599 

1013 

6880043 

27856 

03(«315 

12120 

15941484 

5622 

97962787 

783 

6693080 

73501 

9322370 

12168 

17*16174 

5634 

90245547 

1044 

0012497 

21056 

9370871 

11955 

17815174 

5093 

89271148 

972 

0965507 

25805 

9420032 

12042 

190S1274 

5622 

102281501 

806 

0603033 

24907 

9518805 

12042 

22242573 

4984 

100382334 

888 

7052073 

23846 

0605834 

10523 

22250493 

4875 

107019330 

892 

7081021 

22153 

9797;62 

10627 

22239940 

5374 

112311723 

808 

7134222 

21.509 

S83I177 

10665 

22943774 

4884 

116320948 

792 

7139180 

21 770 

9000964 

10158 

23440038 

4745 

120731404 

708 

7735834 

19306 

10111001 

10110 

242841807 

4794 

122468475 

728 

7240579 

2100! 

10143243 

4700 

24990468 

7605 

123434789 

535 

7240578 

708/0 

'0214798 

4457 

25OO«190 

4932 

125648770 

315 

7310793 

71571 

10225607 

12359 

25679708 

4015 

129475763 

365 

7349128 

70777 

103966(15 

11454 

.<8733313 

2581 

120254003 

005 

258 


APPENDIX  D 


ORNL  CALCULATIONS  OF  BIODEGRADATION 


259 

(The  reverse  of  ihii  page  is  biank.) 


TABLE  D- 1.  0RN:L  CALCULATIONS  OF  BIODEGRADATION 


CALCUl^TlOW  OF  6IODFGRA£iAT10N  BASED  OM  CAftBOM  CSCWOE 
AND  OX'/Qa'i  MEASUREMENTS  IN  EXTiTACTED  GAS 


I 

:6i 

(The  reverse  of  iha  pape  is  blank.) 


APPENDIX  E 

/.V  SmJ  MOISTURE  CONTENT  MEASUREMENTS 


263 

('Fhc  rcN’cree  of  this  page  is  blank.) 


TABLE  E-2.  WATER  CONH-INT  IN'  50LL:  NEUTRON  ACCESS  TUBE  2 


;  Oentfi  (tt! 

3  /  1  S  /  3  3 

1  1  10(53 

1 .;  1  2/8  9 

6/8/89 

8/1  0/89I  10/12/89 

1 

6.0 

5.-^ 

€0  4 

4.9 

!  0.8 

1  1.2 

2 

<  1  .3 

16  4 

27.3 

1  2.1 

3 

1C. 2 

9 

20.3 

■HQQH 

j  3.2 

4 

10.6 

10.2 

19.9 

■f  2.7 

i  7.8 

1  6.5 

5 

9.5 

9.5 

1  7,3 

10.0 

8.5 

!  7.0 

6 

10. 7 

5 . 5 

13.0 

(2.3 

9.5 

i  9.0 

1  7 

1  ’  .5 

M  2 

17.4 

12.7 

11.4 

1  10.1 

a 

3.9 

1  C.5 

15.5 

12,2 

i  1 1 .0 

!  8.7 

i  ^ 

3.5 

9.3 

14.0 

1  1.2 

1  10.1 

!  7.3 

1  0 

25.3 

24  9 

27.9 

27.1 

26.2 

1  25.1 

1 1 

3.5 

7.3 

8.9 

8.7 

1  7.8 

1  2 

8.5 

7.1 

s  a 

8.0 

1  8.9 

6.5 

1  3 

15.1 

13.2 

12.7 

14,1 

i  13.2 

11.8 

1  4 

3.4 

8,2 

7,6 

8.7 

8.7 

1 . 7.1 

1  5 

6.9 

7.2 

7.2  ! 

7.5 

10.5 

!  7.6 

1  6 

7.5 

7.5 

6.7  ! 

8.1 

10.5 

i  8.9 

1  7 

5.3 

6.0 

6.0 

6.1 

8.9 

!  7.5 

1  3 

6.2 

6.1 

6.0  ; 

5.3 

8.9 

!  7.3 

1  9 

6.3 

6.7 

TT™" 

8  3 

7.1 

20 

6.9 

7  3 

S&B 

8.2 

7.2 

2  1 

9.3 

10.4 

9.9 

10.6 

10.8 

To. 2 

2  2 

12.3 

10.8 

12.4 

12.3 

14.4 

12.7 

23 

15.6 

16.2 

15.8 

15.3 

16.2 

15.2 

i 

12.1 

14.3 

12. S  1 

12.5 

11.9 

12.1 

2  5 

8.1 

8.0 

7  6 

7.2 

8.2 

8.3 

2  6 

7 .2 

7.3 

7.5 

7.7 

9.0 

9.2 

27 

9.6 

9.9 

9.2 

10.3 

11.2 

12.4 

2  3 

10.8 

10.7 

10.5 

10.7 

10.4 

11.5 

2  9 

9.2 

9.9 

9.2 

8.3 

8.2 

8.3 

30 

5.6 

5.9 

6.1 

5.2 

5.9 

5.1 

3  1 

6.5 

6.2 

6.5 

6.4 

6.5 

6.9 

3  2 

1  1 .0 

10.3 

10.1  ^ 

9.3 

9-? _ 

12.0 

2.3 

S.7 

8  5 

a. 3 

7.9 

8  5 

1 1 .9 

34 

8.7 

9.1 

3.4 

8.1 

8.2 

10.8 

35 

9,2 

9.2 

9.2 

9.0  i 

8.5 

10.4 

3  6 

3.0 

7.7 

3.1 

.  7. .8 _ [ 

7.9  i 

7.9 

3  7 

10  5 

'rO.O 

9.4 

10.8 

12.7  “i 

11.0 

3  8 

24.9 

20  2 

17.5 

2l“2  T 

29.6  I 

22.6 

3  9 

40.3 

37  5 

39.2 

37.2  i 

34.2  1 

34.1 

40 

39.9 

38.9 

38.3 

38.1  ! 

39.0  1 

37  1 

4  1 

38  3 

39. 0 

39.2 

37.5  1 

37  2 

4  2 

38.0 

36.4 

37.2 

37.7  i 

J7.5  i 

37,4 

43 

34  3 

33.3 

32.5 

33.7  f 

34.0  I 

33.2 

4  4 

35  8 

33.7 

35.2 

35.3 

35.0  1 

35.0 

4  5 

35.0 

33  3 

33.6 

34.5  i 

34,7  : 

35.1  ! 

2U, 


1  ABLE  E-3.  WATER  CONTENT  IN  SOIL;  NEUTRON  ACCESS  TUBE  3 


:f)7 

(The  reverse  of  this  page  ts  blank.) 


APPENDIX  F 

SUMMARY  OF  FLOW  'IDSTS 


269 

( T>)c  rcvcne  of  this  p.i^e  is  blank.) 


TABLE  F  2.  FLOW  TES  I  RESUL'l'S 


0  ^  I  0  S5  I"  0  66 


275 

(The  reverse  of  this  page  s  blank.) 
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APPENDIX  G 

POST-VENTING  CHARACTERIZATION 


111 

(The  reverse  of  this  page  is  blank.) 


TABLE  G-1.  POST- VENTING  ITiDROCARBON  ANALYSES; 
BORINGS  FROM  VER'nCAL  VENT  AREA 


Borahola 

Depth 

BLS  (ft) 

Samp 

.1  Total  HC 

GJ 

1  AGO  Samp  No. 

No. 

Top 

i  Btm 

Type 

*  (mg/kg) 

Samp  No. 

1  Date 

V2A 

1.5 

37 

4680 

1  891106 

1  233 

V2A 

4.5 

i  5.0 

66 

4681 

IIEEI 

V2A 

7.5 

9.0 

32 

4682 

891106 

235 

V2A 

10.5 

I  12.0 

28 

4683 

891106 

236 

V2A 

10.5 

1  ilTo 

F 

1  34 

4684 

891106 

237 

V2A 

13.5 

i  15.0  ! 

1  32 

4685 

891 106 

238 

V2A 

18.5 

1  20.0  1 

i  424 

4686 

IKETRim 

239 

^^A 

23.5 

i  25.0  1 

!  67 

4687 

891106 

240 

V3A 

1 

18.5 

i  20.0  i 

1  53 

4662 

1  891107 

040 

V3A 

I 

23.5 

1  25.0 

1 

j  115 

4663 

391 107 

041 

V3A 

i 

28.5 

i  30.0 

I  300 

4664 

891107 

042 

V3A 

33.5 

35.0 

i 

’  193 

4665 

891107 

043 

V3A 

T 

33.5 

35.0 

T 

F 

i  40 

!  4666 

891107 

044 

V3A 

i 

37.0 

38.5 

i 

!  223 

4667 

891107 

045 

V3A 

T 

-i- 

38.5 

40.0 

1 

34 

4668 

891107 

046 

V4A 

T 

2.0 

3.0 

j 

JMC 

71 

4609 

891102 

263 

V4A 

j 

4.0 

5.0 

i. 

JMC 

<20 

4610 

891102 

264 

V4A 

7.5 

9.0 

31 

4613 

891102 

267 

V4A 

i 

10.5 

12.0 

i 

26 

4614 

891102 

268 

V4A 

1 

10.5 

12.0 

F 

23 

4615 

891 ICk 

269 

V4A 

1 

13.5 

15.0 

! 

_ 

4616 

891102 

270 

V4A 

1 

18.5  ! 

20.0 

1 

■moQiiilli 

4653 

391107 

031 

V48 

1 

1.5  1 

3.0  I 

26 

4654 

891107 

032 

1 

4,5 

6.0  i 

31 

4655 

891107 

033 

l■iEZE■ 

i 

7.5  1 

9.0  I 

33 

4656 

891107 

034 

V48 

10.5  j 

12.0  i 

34 

4657 

891107 

035 

V40 

j 

13,5  i 

15.0  i 

28 

4858 

891107 

036 

V4  8 

1 

13.5  i 

15.0 

i 

F  1 

37 

4659 

891107 

037 

V48 

1 

17.0  i 

18.5 

i  !  26  1 

4660 

891107 

038 

V48 

i  18,5  j 

2C.0 

1 

40  1 

4661 

891107 

039 

V4c 

I 

....1.5  { 

3.0 

1 

23  1 

4707 

891107 

304 

\/4c 

4.5  I 

6.0 

36  r 

4708 

391107 

305 

V4C 

7.5  I 

9.0 

28  1 

4709 

89^107 

306 

V4C 

10.5  ' 

12.0 

35  1 

4710 

891107  1 

307 

13.5  i 

15.0 

30  i 

4711 

EEEII 

16.5  ! 

18.0 

220  1 

4712 

891107  1 

3091 

18.5  i 

20.0 

35  1 

4713 

HXlEQil 

BEII 

28.5  i 

30.0 

70 

4714 

891107  1 

311  1 

33.5  I 

35.0 

82 

4715 

ISiEBil 

BBM 

38.5  i 

40.0 

33 

4688 

891106 

241 

43.5  ! 

45.0 

37 

4689 

891106 

242 

4875  p 

50.0  j 

- r 

1 

80 

4690 

891106 

243 

53.5  i 

55.0  1 

1 

1 

42 

4691 

bemm 

V7A  i 

1.5  I 

3.0  i 

1 

31  1 

4701 

891106  I 

254 

VTA  : 

4.5  i 

6,0  i 

i 

34  i 

4702 

691106  1 

255 
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TABLE  G-1.  POST- VENTING  HYDROCARBON  ANALYSES: 
BORINGS  FROM  VERTICAL  VENT  AREA 
(CONTINUED) 


Borehole 

i  Depth  BLS  (ft) 

Samp.i  Total  HC 

GJ 

j  ACD  Samp  No. 

No. 

Top 

i  Btm 

iTvpe*l  (mp/kg) 

Samp  No. 

1  Date 

,  Na. 

VTA 

1  tTs 

i  9.0 

1  !  25 

4T03 

891106 

'  256 

VTA 

10.5 

i  12.0 

1  i  23 

4T04 

891106 

:  25T 

VTA 

10.5 

12.0 

i  P 

i  36 

4T05 

891106 

i  258 

VTA 

1  13.5 

1  15.0 

i  1  36 

4T06 

891106 

’  259 

V8A 

1  1.5 

I  3.0 

!  24 

4692 

891106 

:  245 

V8A 

i  4.5 

‘  6.0 

1  !  3T 

4693 

891106 

246 

V8A 

23.5 

^  25.0 

1  i  35 

4694 

891106 

i  24T 

V8A 

26.0 

2T.5 

1  1  25 

4695 

891106 

;  248 

V8A 

28.5 

30.0 

!  62 

4696 

891106 

:  249 

VSA 

33.5 

35.0 

i  35 

469T 

891106 

250 

V8A 

i  38.5 

40.0 

!  T1 

4698 

391106 

:  251 

V8A 

43.5 

45.0 

1  30 

4699 

891106 

1  252 

V8A 

43.5 

4T.0 

!  42 

4T00 

891106 

'  253 

V9A 

1.5 

3.0 

i  21 

4633 

891106 

1  030 

V9A 

4.5 

6.0 

!  20 

4634 

891106 

1  031 

WBEm 

6.0 

F 

1  32 

4635 

891106 

'  032 

9.0 

1  28  i 

4636 

891106 

033 

V9A 

10.5 

12.0 

!  38  ! 

463T 

891106 

■  034 

V9A 

13.5 

15.0 

28  i 

4638 

891106 

035 

V9A 

18.5 

20.0 

26  1 

4639 

891106 

036 

V9A 

23.5 

25.0 

95  ! 

4640 

891106 

03T 

V9A 

28.5 

30.0 

40  1 

4641 

891106 

038 

V9A 

33.5 

35.0 

33 

4642  1 

891106 

039 

V9A 

38.5 

40.0  j 

3T  1 

4643  i 

891106 

040 

V10A 

T.5  1 

9.0  1 

31  i 

4669  1 

89110T 

04T 

V10A 

10.5  1 

12.0 

31  1 

46T1 

391 10T 

049 

V10A  1 

10.5  ! 

12.0 

F 

<20  1 

46T2  i 

891 10T 

050 

V1  OA 

13.5  1 

15.0 

39  1 

46T3  i 

89110T 

051 

V10A  1 

18.5 

20.0 

36  ; 

46T4  1 

891 10T 

052 

V10A  I 

18.5  ! 

20.0 

F 

25  i 

46T5  T 

891 10T 

053 

V10A  I 

23.5  1 

25.0 

3T  ! 

46T6  i 

891 10T 

054 

V10A  i 

28.5  i 

30.0 

32  1 

46TT  1 

391 10T 

055 

V10A  ! 

33.5  1 

35.0 

3T  1 

46T8  i 

891 10T 

056 

V10A  1 

3T.5  ! 

39.0 

1 

100  ' 

46T9  1 

891 10T 

05T 

V11 A  j 

1.5  1 

3.0 

! 

98  i 

4645  T 

891 10T 

058 

VI  1  A  1 

2.0  I 

3.0 

JvIC  ! 

26  ! 

461  1  1 

891102  1 

265 

VII A  i 

4.0  1 

5.0 

JMC  i 

20  i 

4612  i 

891102  1 

266 

VII A  1 

4,5  ' 

6.0  1  i 

30 

4646 

89110T  1 

059 

V1  1  A  1 

T.5  1 

9.0  1 

! 

24  1 

464T  i 

89110T 

060 

V11A  1 

10.5  i 

12.0  1 

<20  ! 

4648  i 

89110T  i 

061 

VI  1  A  i 

13.5  i 

15.0  i 

1 

33  ! 

4649  1 

391 10T  ' 

062 

V11 A  1 

28.5  1 

30.0  : 

1 

1 

32  i 

4650  r 

89110T 

063 

VII A  1 

33.5  i 

35.0  i 

[ 

<20  1 

4651  [ 

89110T  j 

064 

VII A  i 

35.0  1 

36.5 

1 

90  1 

4652  1 

a9110T  i 

065 

V118  i 

“tT! 

9.0 

1 

26  i 

4625  i 

891106 

022 
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TABLE  G-1.  POST- VENTING  HYDROCARBON  ANALYSES: 
BORINGS  FROM  VERTICAL  VENT  AREA 
(CONCLUDED) 


Samp. 

Total  HC 

GJ 

1  ACD  Samp  No. 

No. 

Top 

mm 

Samp  No. 

Date 

No. 

V11B 

10.5 

12.0  : 

25 

4626 

i  891106 

,  023 

imasEm 

13.5 

15.0  , 

36 

4627 

1  891106 

1  024 

VI  IB 

18.5 

20.0 

36 

4628 

1  891106 

025 

V1 13 

23.5 

25.0  ' 

37  i 

4629 

;  391106 

026 

V11B 

28.5 

, 

30 

4630 

1  891106 

'  027 

33.5  1 

35.0  ' 

67 

4631 

)  891106 

'  028 

37,5  ! 

39.0 

55 

4632 

i  891106 

029 

33.5  i 

55.0  ' 

40 

4719 

:  891107 

:  316 

38.5  i 

40.0  : 

33  ! 

4720 

1  891107 

'  317 

1  VISA 

7.5  ! 

9.0 

: 

70  i 

4716 

'  891107 

313 

10.5 

12.0 

62 

4717 

391107 

3^4 

13.5  : 

15.0  ! 

44 

4718 

!  891107 

315 

E 

4.5  ' 

6.0  i 

28 

4617 

'  891102 

271 

E  1 

7.5  1 

9.0 

31 

4618 

1  891102 

272 

E  i 

10.5  I 

12.0  i 

1 

25  1 

4619 

j  891102 

273 

E  1 

13.5 

15.0 

31 

4620 

^  891102 

274 

E  1 

13.5  - 

15.0 

F 

25 

4621 

;  891102 

275 

E  : 

18.5 

20.0 

100  1 

4622 

391102 

276 

E 

23.5  . 

25.0  ' 

; 

182 

4623 

891102  ‘ 

277 

E  ; 

28.5 

30.0 

75 

4624 

891102 

278 

TB 

41 

4644 

391 106 

041 

TB 

43 

4670 

891107 

048  1 

•P.Pieid  biank:  JMC-collecied  wirti 

a  fiand 

auoer:  TB-ino  blariK. 
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TAELE  G-2.  POST-VENTING  HYDROCARBON  ANALYSES:  PILE 


Borehole 

Depth  8LS  (ft) 

:  Samp. 

Total  HC 

GJ 

AGO  Samp  No. 

No.  ' 

Top 

Samp  No. 

Date 

No. 

P1A 

6.6 

7.6 

:  j 

24 

4603 

891013 

'  109 

P2A 

1 

2 

1  1 

30 

4591 

391013 

!  102 

3.2 

4.2 

•  1 

31 

4602 

891013 

I  108 

P2A  ' 

4.2 

S.2 

i  ' 

32 

4604 

891013 

110 

P2A 

6.2 

7.2 

■  i 

97 

4606 

891013 

112 

P3A  i 

3.0 

4.3 

I  1 

39 

4605 

891013 

11  1 

P3A 

4.7 

5.7 

71 

4607 

391013 

113 

P4A 

3.1 

4.1 

1 

25 

4601 

391013 

107 

PSA 

1 

2 

32 

4590 

891013 

101 

PSA  i 

3.4 

4.4 

45 

4592 

891013 

103 

P5A 

4.S 

5.5 

i 

172 

4600 

891013 

106 

PSA 

3 

4 

26 

4588 

891013 

099 

PSA  j 

4.6 

5.6 

; 

35 

4589 

891013 

100 

1 

■  TB  ■ 

28 

4594 

891013 

104 

1 

TB 

26 

4595 

891013 

105 

mi 

*TB»TriD  blank  ! 

i 

28: 


TABLE  G-3.  MOISTURE  CONTENT  OF  POST- VENTING  SAMPLES 


TABLE  G-3.  MOISTURE  CONTENT  OF  POST-VENTING  SAMPLES 

(CONTINUED) 


Gr.  June!.; 


Samp.  No.  I 


4639 

4640  I 


4641 


BorariOia  i  Depth  BLS  (ft) 


23.5  1  25 


28.5 


i  Water  Content 


i  5.50 


!  25.63 


30 

i  5.37 

35 

!  6.75 

15.32 


4644  I 

TB 

1  1 

:  I 

t 

1 

0.24 

4645 

V1 1  ! 

1.5  1 

3 

6.88 

9.45 


29.07 


4.53 


4.68 


26.52 


2S.89 


3.59 


.5 

i  3 

6.92 

.5 

6 

4.62 

.5 

9 

6.1 1 

I - i 

.06 

I  4.47  I 

i  6 

.71  1 

j 

18.5 

i  20 

1  5.10 

i 

23.5  ! 

!  25  1 

1  5.78 

1 

1 

28.5  i 

1  30  1 

I  6.62 

V3 

1  38.5  , 

1  40 

7.77 


6.84 


11.39 


4.51 


1 

!  T3 

1 

1 

1 

1  0.26 

1  VIO 

10.5  i 

12 

i  4.48 

28.49 


4.41 


4.93 


9 


5.54 


4.89 


4.55 


27.06 


1 

! 

1.5  i 

i  3  1 

1  3.1 
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TABLE  G-3.  MOISTURE  CONTENT  OF  POST- VENTING  SAMPLES 

(CONCLUDED) 


Gr.  Junct. 

1  Borehole  :  Depth  BLS  (ft) 

Water  Content 

Samp.  No. 

i  No. 

4684 

i  V2 

1  10.5 

12 

4.48 

4685 

V2 

1  iTs 

15 

3.94 

4686 

V2 

1  TO 

20 

8.36 

4687 

V2 

i  23.5 

25 

5.64 

4688 

V2 

1  38.5 

40 

5.67 

4689 

1  V2 

1  43.5 

45 

4.75 

4690 

V6 

1  48.5 

50 

18.98 

4691 

V6 

53.5 

55  : 

3.84 

4692 

V8 

1  1.5  i 

3 

3.49 

4693 

V8 

!  4.5  i 

6 

7.54 

4694 

V8 

23.5  1 

25 

3.43 

4695 

V8 

26  ' 

27.5 

3.35 

4696 

V8 

28.5  : 

30 

4.73 

4697 

V8 

33.5  i 

35 

6.99 

4698 

V8 

38.5  1 

40 

3.05 

4699 

V8 

43.5  i 

45 

4.77 

4700 

V8 

45.5  i 

47 

5.79 

4701  ! 

V7 

1.5  1 

3  1 

5.30 

4702  i 

V7 

4.5  ! 

6  1 

f  33 

4703  j 

V7 

7.5  ! 

9  ! 

3.36 

4704  j 

V7 

10.5  ! 

12 

4.38 

4705  j 

V7 

10.5  ‘ 

12 

4. SO 

13.5  1 

15 

Bon 

V4C 

1.5 

3 

1  4708  1 

V4C 

4.5  ; 

6 

4.10 

nmni 

V4C 

7.5 

9  ! 

3.75 

4710 

V4C  i 

10.5  i 

12 

4.68 

471 1 

V4C  1 

13.5  ; 

15 

7.93 

4712 

V4C  i 

16.5  1 

18 

4,17 

4713 

V4C  i 

’8.5  i 

20  i 

4  10 

4714 

V4C  i 

28.5  r 

30  : 

5  93 

'  4715 

V4C  f 

33.5  i 

35  i 

9  38 

VI  5 

7.5  i 

9  i 

4  60 

V15  j 

10.5 

12  1 

4.75 

V15  ! 

13.5 

1  5 

6.97 

VI 4  i 

33.5  ' 

35  1 

3.48 

1  4720  1 

V14  ! 

38.5 

40 

M/0 

1  1  , 

•(Wat  Wt  -  Dry  Wt)/0ry  Wt  x  100% 
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TABLE  G-4.  POSTA'ENTING  SAMPLES  ANALYZED  FOR  BENZENE.  TOLUENE,  AND 

XYLENES  (BTX) 


GJ  No. 

Vent  No. 

Depth  Inicrvai  (ft) 

Total  HC 

(fflgAg) 

Total  BTX 

(mgAg) 

j  4639 

V9A* 

18.5-;0 

26 

<10 

!  4664 

V3A 

23.3-30 

300 

<10 

I  -4667 

V3A 

37-3S.3 

39 

<10 

4673 

VlOA* 

13.5-13 

39 

■BHI 

4679 

VlOA* 

lOO 

<10  1 

1  4686 

V2.A 

18.3-20 

424 

<10 

4687 

VIA* 

23.3-23 

67 

<10 

j  4690 

V6A* 

18.5-:0  j 

35 

A 

o 

V8A* 

45.3-J7  1  42 

1 

<10  1 

j  4712 

V4C  { 

16.3-18  j  220 

<10  1 

'Selec'.ed  due  to  correspondence  with  high  pre-venting  totai  hydrocarbon  content  and  prc-venting 
total  BTX  concentration  greater  than  300  mg'kg. 


TABLE  G-5.  JP-4  MASS  BALANCE:  VERTICAL  VENT  FIELD,  PRE-  AND  POST- VENTING 

(CONTINUED) 


FABLE  G-5.  JF  4  MASS  BALANCE;  VER  I ICAL  VENT  FIELD,  FRE-  AND  FOST-VENTING 


I 


i 


291 
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TABLE  G-5.  JP-4  MASS  BALANCE:  VERTICAL  VENT  FIELD,  PRE-  AND  POST-VENTING 

(CONTINUED) 


TABLE  G  5.  JP  4  MASS  BALANCE;  VERTICAL  VENT  I  lELD,  PRE-  AND  POST-VENTING 

(CONTINUED) 
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